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ABSTRACT
This dissertation aims to study the mid-level clouds using satellite obser-
vations. It consists of two major parts: characteristics (including cloud top/base
heights, cloud top pressure and temperature, and cloud thickness) and thermody-
namic phase of mid-level clouds. Each part devotes to a particular issue of significant
importance for satellite-based remote sensing of mid-level clouds.
The first part of this dissertation focuses on the impacts of three definitions
of the mid-level clouds based on cloud top pressure, cloud top height, and cloud
base height on mid-level cloud characteristics. The impacts of multi-layer clouds
on satellite-based global statistics of clouds at different levels, particularly for mid-
level clouds, are demonstrated. Mid-level clouds are found to occur more frequently
underlying upper-level clouds. Comparisons of cloud amounts between a merged
CALIPSO, CloudSat, CERES, and MODIS (CCCM) dataset and International Satel-
lite Cloud Climatology Project (ISCCP) climatology are made between July 2006
and December 2009. Midlevel cloud characteristics are shown to be sensitive to
perturbations in midlevel boundary pressures and heights.
The second part focuses on the thermodynamic phase of mid-level clouds. A
new algorithm to detect cloud phase using Atmospheric Infrared Sounder (AIRS)
high spectral measurements is introduced. The AIRS phase algorithm is based on
the newly developed High-spectral-resolution cloudy-sky Radiative Transfer Model
(HRTM).The AIRS phase algorithm is evaluated using the CALIPSO cloud phase
products for single-layer, heterogeneous, and multi-layer scenes. The AIRS phase
algorithm has excellent performance (>90%) in detecting ice clouds compared to the
CALIPSO ice clouds. It is capable of detecting optically thin ice clouds in tropics and
ii
clouds in the mid-temperature range. Thermodynamic phase of mid-level clouds are
investigated using the spatially collocated AIRS phase and CALIPSO phase products
between December 2007 and Novermber 2008. Overall, the statistics show that ice,
liquid water, and mixed-phase of the mid-level clouds are approximately 20%, 40%,
and 40%, globally.
iii
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1. INTRODUCTION
1.1 Mid-level clouds and climate
Mid-level clouds (approximately between 2 and 6 km) cover a substantial
portion (about 10∼30%) of the globe (Hahn and Warren 1999; Hahn and Warren
2003; Stubenrauch et al. 2006). They interact strongly with both solar and terrestrial
radiation fields, and therefore play an important role in the planetary radiative energy
budget (Hartmann et al. 1992; Poetzsch-Heffter et al. 1995; Sun and Shine 1995;
Chen et al. 2000; Mace et al. 2006). Yet mid-level clouds have been studied less
than their low and high counterparts due to the lack of observations, even though
they occur frequently in the tropics, the mid-latitudes, and the high-latitudes (Curry
et al. 1996; Fleishauer et al. 2002; Mace et al. 2006; Shupe et al. 2008; Riihimaki
et al. 2012).
Mid-level clouds impact both energy budget and vertical profile of heating in
the atmosphere, however, the radiative effects and latent heating impacts are not
well interpreted because they depend on the knowledge of frequency of occurrence,
characteristics, and thermodynamic phase of these clouds. Many characteristics, and
even the definition of a mid-level cloud, are not well understood and are in need of
clarification. The defining characteristics of mid-level clouds depend on the region
and/or observational techniques. For example, the International Satellite Cloud Cli-
matology Project (ISCCP, Rossow and Schiffer 1999) and TIROS-N Observational
Vertical Sounders Path-B (TOVS-B, Stubenrauch et al. 2006) are both long-term
global climatologies that define mid-level clouds as having cloud top pressure be-
tween 680 and 440 hPa (Figure 1.1). Human observers from the surface, on the
other hand, typically focus on cloud base height, and consider the sum of nimbostra-
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tus, altostratus, and altocumulus as mid-level clouds. Surface-based remote sensing
typically define mid-level clouds as having cloud top and/or base height between 3 to
8 km (Mace et al. 2006; Riihimaki et al. 2012). However, observational assessment
of mid-level clouds is difficult because these clouds are often obscured or blocked by
higher or lower clouds when observed remotely from the top of atmosphere (TOA)
or surface, respectively.
Figure 1.1 The ISCCP cloud classification scheme.
2
Previous studies indicate that mid-level cloud frequency varies from tropics
to high-latitudes. By combining the statistics of cloud layer occurrence from ISCCP
and an analysis of radiosonde humidity profiles, Rossow and Zhang (2010) developed
a statistical model that associates each cloud type (Figure 1.1) with a particular
cloud vertical structure. They found that mid-level cloud amounts increase from
lower to higher latitudes. They additionally reported that mid-level cloud amounts
are generally less than both low- and high-level cloud amounts, except in the polar
regions. Zhang et al. (2010) using Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) showed that higher frequencies of thin mid-level
clouds were found during night overpasses than daytime overpasses. This difference
was substantially higher in the tropics than in mid-latitudes and polar regions.
Thermodynamic phase of mid-level clouds plays an important role in the
determination of radiation budget (Sun et al. 1994; Sun et al. 1995). Mid-level
clouds often extend through or are completely above the melting layer (Fleishauer et
al. 2002). These clouds often contain water droplets, ice crystals, or a combination of
both phases of hydrometeors, in other words, they can be mixed-phase (Heymsfiled et
al. 1991; Field 1999; Fleishauer et al. 2002; Shupe et al. 2008; Riihimaki et al. 2012).
The potential for complex microphysics makes the remote sensing and dynamical
modeling of mid-level clouds challenging (Yang et al. 2003; Platnick et al. 2003; Sun
et al. 1995). While much knowledge has been learned from liquid water clouds and
ice clouds, mixed-phase clouds introduce substantial uncertainties in satellite remote
sensing and radiative transfer modeling. Simulations of General Circulation Models
(GCMs) are very sensitive to the phase of cloud particles (Gregory and Morris 1996;
Rotstayn et al. 2000; Morrison et al. 2005; Liu et al. 2007; Fridlind et al. 2007;
Luo et al. 2008). Treut et al. (1995) developed a couple of cloud parameterization
schemes using different combinations of effective radius and absorption coefficient
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for mid-level mixed-phase clouds. Their results showed that shortwave (SW) and
longwave (LW) radiative forcings are substantially different for the two schemes.
Additionally, mid-level mixed-phase clouds have implications for aviation safety. A
review by Riley (1998) had suggested that aircraft may be traveling through mixed-
phase clouds at least 20% of the time, which can lead to aircraft icing because of
these conditions.
Mid-level clouds are not well represented in GCMs (Korolev et al. 2003;
Zhang et al. 2005; Wyant et al. 2006) and Numerical Weather Prediction (NWP)
models (Bodas-Salcedo et al. 2008). GCMs often underestimate mid-level cloud
frequency (Zhang et al. 2005), and usually have difficulty in accurately characterizing
the phase of hydrometeors in the mixed-phase regimes (Gregory and Morris 1996;
Rotstayn et al. 2000; Klein et al. 2009). Improving climate model predictions
requires accurate observational constraints. Comparisons between CALIPSO cloud
observations, GCM output, and GCM output combined with a CALIPSO simulator
showed that mid-level cloud frequencies from the GCM were much lower than those
from CALIPSO, and even vanished when GCM output was coupled to the CALIPSO
simulator (Chepfer et al. 2008). This indicates that the representation of mid-level
clouds in the GCM needs to be improved, including the formation processes and
their physical and microphysical properties. Vertical resolution may be a reason for
the under-representation of mid-level clouds in numerical models. Some mid-level
clouds are geometrically thin (Smith et al. 2009; Riihimaki et al. 2012), and are
difficult to fit in a model level (Smith et al. 2009). Observations of cloud geometric
thickness may help to determine how much of an issue model vertical resolution plays
in under-representation of mid-level clouds.
The feedback of mid-level clouds has important impacts on the climate system
(Zelinka et al. 2012). A perturbation of the climate system can lead to changes in
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global cloudiness, which in turn may either amplify or dampen the original perturba-
tion. Therefore, it is important to understand how cloud radiative effects will change
as the planet warms due to long-lived greenhouse gases. Any systematic changes in
cloudiness that originate from “global warming” will lead to radiation anomalies that
feedback on the climate system. Current GCMs suggest positive cloud feedbacks (So-
den and Held 2006). Zelinka et al. (2012) proposed a novel technique using cloud
radiative kernels to investigate cloud feedbacks using histograms of cloud fraction as
a joint function of cloud top pressure and optical depth. They found that changes
in mid-level cloud lead to positive SW cloud feedbacks.
Though a number of investigations had looked at mid-level clouds in tropics
(Riihimaki et al. 2012), mid-latitudes (Heymsfiled et al. 1991; Field, 1999; Fleishauer
et al. 2002; Mace et al. 2006), and high-latitudes (Shupe et al. 2008; Shupe, 2011),
the studies either used either in-situ measurements or ground-based remote sensing
and focused on mid-level cloud microphysical structures and cloud properties or cli-
matologies. These observations are expensive and limited by their small spatial or
temporal sample scales. Additionally, the sensitivities between existing cloud cli-
matologies and cloud vertical structure need further investigation. Accurate global
observations of mid-level clouds at high spatial and temporal resolution are necessary
to improve our current understanding of these clouds, which includes their charac-
teristics and bulk nature, as well as their thermodynamic phase. The synergistic use
of National Aeronautics and Space Administration (NASA) spaceborne “A-Train”
observations (Stephens et al. 2002) is a significant step in expanding our knowledge
of mid-level clouds.
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1.2 Current climatology of mid-level clouds
Despite the substantial efforts and significant progress made over the past few
decades, reliable cloud climatology and retrieval of cloud properties from satellite
observations still remain a challenge. These studies require good understanding of
the characteristics and capabilities of the retrieval instruments, and also require
good understanding of several different aspects of mid-level clouds. First, remote
sensing of mid-level clouds needs clear characteristics, including definitions, frequency
of occurrence, and sensitivities. Secondly, liquid water droplets and ice crystals
behave radiatively different in the absorption of solar and infrared (IR) radiation,
and therefore identification of the cloud particle phase is an important step in the
retrieval of cloud particle size, optical thickness, and water path.
Considerable efforts have been devoted to establishing global cloud climatolo-
gies, however, working definitions or the classification of mid-level clouds vary with
observational technique, region, and purpose (Poore et al. 1995; Hahn and Warren
1999; Rossow and Schiffer 1999; Hahn and Warren 2003; Stubenrauch et al. 2006,
Mace et al. 2006; Riihimaki et al. 2012). The sensitivity of mid-level cloud frequency
to the definition of “mid-level” is not well known and needs to be further studied.
Cloud climatologies observed from the surface typically focus on cloud base
height. The Hahn and Warren (1999, 2003) climatologies were made from human
perspective in which the sum of observations of nimbostratus, altostratus, and al-
tocumulus, based on the World Meteorological Organization (WMO, 1988) synoptic
cloud code, are mid-level clouds. The surface-based climatologies are further com-
plicated by whether a cloud belongs to the low- or mid-level classification depending
on the cloud type. For instance, a cloud base for nimbostratus can be between 0 and
3 km, while altostratus and altocumulus bases can be from 2 to 6 km.
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Active ground-based vertically pointing Micropulse Lidar (MPL) and Millime-
ter Wavelength Cloud Radar (MMCR) enable us to measure cloud base and cloud
top height simultaneously, which can help to facilitate the understanding of cloud
climatologies. For example, Mace et al. (2006) considered mid-level clouds as having
cloud base and cloud top between 3 km and 6.5 km at Department of Energy’s (DOE)
Atmospheric Radiation Measurement (ARM) program Southern Great Plains (SGP)
site. Riihimaki et al. (2012) used MPL and MMCR observations at the ARM Trop-
ical Western Pacific (TWP) site in Darwin, Australia and treated mid-level clouds
with cloud top height between 4 km and 8 km.
Poore et al. (1995) combined 14 years (1975-1988) of rawinsonde and surface
observations from 63 sites in the Northern Hemisphere (NH) and created a climatic
dataset to investigate cloud layer thicknesses. They collected the statistics of layer
thicknesses using two altitude classifications. First, the cloud base height (Zb) of
each cloud layer was used to define low-, mid- and high-level clouds as Zb ≤ 2 km,
2 km < Zb ≤ 5 km, and Zb > 5 km, respectively. Second, low, middle, and high
clouds were also defined using cloud top height (Zt) as Zt ≤ 3 km, 3 km < Zt ≤ 7.6
km, and Zt > 7.6 km (up to about 10.7 km), respectively.
Satellite-based cloud climatologies have traditionally classified clouds with re-
spect to cloud top pressure. For example, both the ISCCP (Rossow and Schiffer
1999) and TOVS-B (Stubenrauch et al. 2006) long-term cloud climatologies define
mid-level clouds as having cloud top pressure between 680 and 440 hPa (Figure 1.1),
and define clouds above and below this layer as high- and low-level clouds, respec-
tively. The High-Resolution Infrared Radiation Sounder (HIRS) multi-spectral IR
data from National Oceanic and Atmospheric Administration (NOAA) operational
polar orbiting satellites have been used for cloud detection for more than a decade
(Wylie et al. 1994; Wylie and Menzel, 1999; Wylie et al. 2005). Wylie et al. (1994)
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studied four years of global statistics using HIRS and defined mid-level clouds be-
tween 400 and 700 hPa. Wylie et al. (2005) showed trends in global cloud cover in
two decades of HIRS observations, and they considered clouds between 440 and 700
hPa as mid-level clouds.
Cloud geometric thickness is important in determining LW cloud radiative
impacts and in satellite-based retrievals of cloud properties (Garrett et al. 2009).
Poore et al. (1995) studied cloud layer thickness from a combination of surface and
upper-air observations and found small latitudinal and seasonal variations in cloud
layer thickness of mid-level clouds defined using cloud base height. Wang et al.
(2000) investigated the cloud vertical structure using a 20-year global radiosonde
dataset and found that the average cloud layer thickness was approximately 1.6 km.
However, recent studies showed that mid-level clouds tend to be thin in the tropical
region (Zhang et al. 2010; Yasunaga et al. 2006; Ansmann et al. 2009; Riihimaki
et al. 2012). Seifert et al. (2010) reported that mid-level clouds in the tropics are
likely to be shorter-lived altocumulus layers rather than the thicker and more stable
stratiform layer clouds of the mid-latitudes.
Mid-level cloud observations are made even more difficult by their potential for
complex microphysics. In-situ measurements and lidar-based observations indicate
that mid-level clouds can be composed of ice crystals, liquid water droplets, or a
mixture of the two phases (Heymsfiled et al. 1991; Field 1999; Fleishauer et al.
2002; Shupe et al. 2008; Riihimaki et al. 2012). There is much uncertainty regarding
the composition of clouds that resides at the temperature range between -40oC (the
homogeneous nucleation) and 0oC. Early observations in the Arctic reported that
predominately supercooled liquid water existed at temperatures as low as -32oC
(Curry et al. 1996). Curry et al. (1996) also found complete crystalline clouds
at temperatures as high as -14oC. Furthermore, there have been cases where ice
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hydrometeors were observed as warm as -4oC (Curry et al. 2000). Garrett et al.
(2009) suggested that cloud temperature is critical in determining LW cloud radiative
impacts as well as the retrieval of cloud properties.
A number of studies have shown that the thermodynamic structure of mid-
level clouds varies with latitudinal regions. Most in-situ observations of mid-level
cloud have been made in mid-latitudes (Heymsfiled et al. 1991; Field 1999; Fleishauer
et al. 2002), and the thermodynamic phase of these clouds can be mixed-phase
(Fleishauer et al. 2002), entirely liquid phase (Field 1999; Fleishauer et al. 2002), or
entirely ice phase (Heymsfiled et al. 1991). Typical mixed-phase clouds in the Arctic
have two layers: liquid water droplets on the top and precipitating ice crystals at the
bottom, and this pattern can exist for periods of time, even though the coexistence
of liquid water and ice crystals is inherently unstable below freezing (Heymsfield et
al. 1991; Rauber and Tokay 1991; Hobbs et al.1998; Pinto 1998; Girard and Blanchet
2001; Gayet et al. 2002). Shupe (2011), using ground-based measurements, found
that few liquid-only clouds occur above 3 km although supercooled liquid water in
mixed-phase clouds occurs at height up to about 7 km in the Arctic region. Riihimaki
et al. (2012) found that mid-level clouds in the tropics have a high probability of
containing supercooled liquid water at low temperatures: ∼20% of clouds at -30oC,
∼50% of clouds at -20oC, and ∼65% of clouds at -10oC contain supercooled liquid
water. Satellite studies show that a larger amount of mid-level clouds contain only
supercooled liquid water rather than mixed-phase in the tropics than in mid- or
high-latitude (Zhang et al. 2010; Hu et al. 2010).
1.3 Issues, opportunities, and challenges
As described in the previous section, a good understanding of mid-level cloud
climatologies and their uncertainties requires clear definitions and characteristics,
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as well as a better identification of the thermodynamic phase of these clouds. Un-
fortunately, there are a few controversies issues that hamper the interpretation of
mid-level cloud climatologies and obscure our understanding of the role of mid-level
clouds in the climate system.
One of the biggest uncertainties in characterizing mid-level clouds is brought
on by differences between climatologies. This is likely due to a combination of each
study’s different mid-level cloud definition and observational sensitivities and bi-
ases. For climate studies, it is important to understand how different instruments
and/or observational approaches perceive cloud properties. In the case of surface
climatologies (Hahn and Warren 1999), surface observers typically have more diffi-
culties identifying altostratus/altocumulus and cirrus clouds reliably, in particular
at night or when low-level clouds are present. Surface observations do not provide
any information on cloud top height. Additionally, the surface information is not
globally complete, coverage being particularly poor over the Southern Hemisphere
(SH) oceans (Poore et al. 1995; Wang et al. 2000).
The traditional passive satellite observations (Rossow and Schiffer 1999; Wylie
et al. 1994; Wylie and Menzel, 1999; Jin et al. 1996; Stubenrauch et al. 2006), on
the other hand, are globally complete and can resolve mesoscale and synoptic-scale
cloud variations, providing information from “top down” viewpoint about the verti-
cal distribution of cloud-top locations. However, the satellite imagers and sounders
can only see the uppermost cloud top in each vertical column, and the statistics only
provide direct information about the cloud top pressure or height. Large discrep-
ancies exist between the surface- and satellite-based cloud observations (Hahn and
Warren 1999; Stubenrauch et al. 2006), and the differences are likely due to the
different definitions and sensitivities. Cumulus congestus, which frequently occurs in
the tropics (Johnson et al. 1999), is an example of a cloud that maybe classified as
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mid-level by a satellite approach, but low-level by a ground-based observer. A more
promising approach uses active sensors, such as lidars (Sassen 1991), cloud radars
(Shupe et al. 2008), or both (Uttal et al. 1995; Wang et al. 1999; Mace et al.
2006; Riihimaki et al. 2012) to profile cloud layers from the surface. However, these
instruments cannot provide coverage of whole synoptic systems or complete global
coverage until they are implemented on satellites (Stephens et al. 2002).
Inconsistency in defining mid-level clouds makes comparisons between the
available climatologies and/or model simulations even more difficult than such com-
parisons usually are. For instance, even though the ISCCP and TOVS-B climatolo-
gies have the same definition of mid-level clouds, global coverage between 1987 and
1995 was 12.1% in the TOVS-B dataset, but 18.5% in the ISCCP dataset (Stuben-
rauch et al. 2006). There are also large zonal differences between these datasets, as
well as NASA Aqua and Terra satellite instrument datasets (Wu et al. 2009). Global
statistics using HIRS reported that 27% of the observations were mid-clouds (Wylie
et al. 1994). Wylie et al. (2005) found that mid-level clouds are approximately 18%
of the observations; however, if a random overlap assumption is considered in the
statistical procedure, the mid-level clouds can be as high as 26%. Additionally, mid-
level cloud amounts reported by surface observers were 26.2% over land (1971-1996)
and 28.8% over ocean (1954-1996) (Hahn and Warren 1999; Hahn and Warren 2003).
Another large uncertainty in the study of mid-level clouds is the cloud layer-
ing (i.e. multi-layer clouds) impacts on the general circulations and climatological
statistics. Changes of cloud vertical structure affect the atmospheric circulations
in the GCMs through their modification of the radiative heating profile within the
atmosphere (Slingo and Slingo, 1988; Randall et al. 1989; Slingo and Slingo, 1991;
Wang and Rossow, 1998). An accurate characterization of the vertical distributions
of cloud in the atmosphere is critical for calculating the radiative flux within and at
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the top of atmosphere. Barker et al. (2003) showed that, for a given distribution of
liquid water content, changing the cloud overlap conditions can lead to the changes
of zonal mean TOA cloud radiative effect by up to 50 Wm-2.
Multi-layer clouds can be defined as clouds that do not behave physically and
radiatively as single-layer clouds. Inferences from global radiosonde data indicated
that multi-layer clouds occur over 40% of the time and are predominately two-layered
(Poore et al. 1995; Wang et al. 2000). Using spatially collocated CloudSat and
CALIPSO data within Clouds and the Earth’s Radiant Energy System (CERES)
footprint, Li et al. (2011) reported that the global mean multi-layer cloud fraction
(the ratio between the occurrence of multi-layer clouds and all pixels) is about 26%.
Figure 1.2 shows the global distributions of mid-level clouds in the multi-layer cloud
regimes in terms of ISCCP classification scheme. Mid-level clouds over low clouds
occur mainly in the mid- and high-latitudes over ocean, whereas high-level clouds
over mid-level clouds occur more frequently globally, particularly in the tropics and
high-latitudes. Additionally, the high over mid-level clouds are more populated over
land than over ocean.
Recent advances in remote sensing technologies, such as NASA’s “A-Train”
satellite constellation, have provided unprecedented opportunities to improve our
understanding of mid-level clouds. The near simultaneous data from these satellites
are providing comprehensive information about aerosols, clouds, radiative fields, and
other important atmospheric components, and therefore a unique opportunity to gain
better understanding of climate change (Stephens 2005). Some key instruments for
cloud studies on board of “A-Train” include the Cloud-Aerosol Lidar with Orthog-
onal Polarization (CALIOP, Winker et al. 2009) on CALIPSO, the Cloud Profiling
Radar (CPR, Stephens et al. 2002) on CloudSat, and the Atmospheric Infrared
Sounder (AIRS, Aumann et al. 2003) on Aqua. Each of these instruments has
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unique measurement capabilities that greatly complement each other. Comparison
and combination of their retrievals have the potential to significantly improve our
understanding of the climatologies of mid-level clouds.
Figure 1.2 Global distributions of mid-level clouds for multi-layer cloud regimes using
ISCCP classification from spatially collocated CALIPSO and CloudSat between July
2006 and December 2009. Mid-level clouds: 440 hPa < cloud top pressure (CTP) <
680 hPa. Top panel: top layer; bottom panel: bottom layer.
Along with these opportunities in improved understanding of mid-level clouds
arise some new challenges. For example, with more than 2000 spectral channels,
AIRS has a great spectral resolution and therefore provides more information in the
vertical profiles of atmospheric temperature, moisture and minor gases (Aumann et
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al. 2003; Tian et al. 2006). However, the volume of AIRS data is enormous because
of its high-spectral resolution nature, which makes the interpretation of AIRS ob-
servations a challenging task. The capabilities for using high-spectral-resolution IR
radiances, such as AIRS, to determine cloud thermodynamic phase has been explored
by Nasiri et al. (2008). Their simulations show that hyperspectral measurements
would serve an important role in refining estimates of cloud phase. A wealth of
high-resolution IR emission measurements from several satellite instruments, includ-
ing AIRS, the Infrared Atmospheric Sounding Interferometer (IASI, Chalon et al.
2001), as well as the Cross-track Infrared Sounder (CrIS), a part of the Suomi Na-
tional Polar-orbiting Partnership (NPP), are available. Thus, the improvement of
existing methods and the development of a new cloud phase retrieval algorithm for
hyperspectral applications are challenging, yet rewarding, tasks.
The “A-Train” satellite constellation also provides an excellent opportunity
to compare nearly simultaneous cloud retrievals from different satellite instruments.
CALIPSO, AIRS, and Moderate Resolution Imaging Spectroradiometer (MODIS)
within the “A-Train” can provide cloud thermodynamic phase. Because cloud phase
plays an important role in determining cloud radiative properties, it is of interest to
compare this important cloud parameter retrieved among these different instruments.
Cho et al. (2009) compared MODIS IR cloud phase with CALIPSO cloud phase
product. Another comparison between CALIPSO and AIRS will be presented later in
this dissertation. Such comparisons will not only reveal differences between different
cloud products, but may also help answer some crucial questions in satellite-based
remote sensing of mid-level clouds. An important question, which may be answered
through the comparison, is in what situation does cloud phase, as derived from
passive remote sensing, lead to misclassification.
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1.4 Organization of this dissertation
The main theme of this dissertation aims to use NASA “A-Train” satellites to
study characteristics and thermodynamic phase of mid-level clouds. The rest of this
dissertation is organized into four major sections, and each devoted to a particular
issue that has been briefly introduced in the previous section.
In chapter 2, we investigate the impacts of overlapping clouds in the satellite
remote sensing of clouds at different levels. In chapter 3, we look at the characteris-
tics of mid-level clouds using spatially collocated CALIPSO and CloudSat dataset,
including the relationships between cloud frequency, cloud top/base height and pres-
sure, geometric thickness, and cloud top temperature. In chapter 4, we introduce a
newly developed cloud thermodynamic phase determination algorithm using AIRS
hyperspectral measurements. In chapter 5, we demonstrate the evaluation of the
new AIRS IR cloud phase algorithm using CALIPSO cloud phase product and we
also examine the thermodynamic phase of mid-level clouds. Finally, we present the
summary and future work in chapter 6.
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2. IMPACTS OF OVERLAPPING CLOUDS ON SATELLITE-BASED
GLOBAL STATISTICS OF CLOUDS AT DIFFERENT LEVELS
2.1 Background
Satellite remote sensing is the only means to provide cloud climatology on
a global scale (Rossow and Schiffer 1999). However, overlapping clouds have posed
a major challenge in interpreting satellite data properly. For instance, traditional
satellite imagers and sounders only see the uppermost cloud top in each vertical
column. Passive satellite remote sensors provide information on cloud top height but
often have some systematic errors, especially for optically thin cirrus clouds (Minnis
et al. 1993; Rossow and Schiffer 1999; Naud et al. 2007). Additionally, some studies
using passive remote sensing techniques assume all clouds are homogeneous and
single-layered. One major problem with this assumption is that multi-layer clouds
have been frequently observed by surface observers, radiosonde, and in-situ aircraft
measurements, as well as satellite observations (Hahn and Warren 1999; Poore et
al. 1995; Tian and Curry 1989; Verlined et al. 2004; Heidinger and Pavolonis 2005;
Wang and Dessler 2006; Joiner et al. 2010). To improve our understanding of the
multi-layer clouds, some approaches have been proposed to detect multi-layer clouds
(Nasiri and Baum 2004; Chang and Li 2005).
Cloud overlap can cause large biases in the satellite retrievals of many cloud
properties including cloud top height, thermodynamic phase, and radiative properties
(Minnis et al. 1993; Baum and Wielicki 1994; Cho et al. 2009; Huang et al. 2005).
Multi-layer clouds sometimes cause errors in cloud height retrievals that depend on
specific algorithm and cloud properties (Naud et al. 2007). A thin cirrus cloud over
a lower level water cloud is one of the most problematic overlapping cloud scenarios
16
for global cloud property retrievals, particularly for the retrieval of effective radius
and optical depth (Nasiri 2004; Chang and Li 2005; Huang et al. 2005). In the
case of high ice clouds over low water clouds, one of the greatest impediments to
accurately determine cloud ice mass for a given atmospheric profile is the influence of
the underlying liquid water clouds on the radiances observed in the visible and near-
infrared wave-lengths at TOA (Minnis et al. 1993; Chang and Li 2005). Additionally,
retrievals of cloud water path tend to be biased when an ice cloud overlaps a liquid
water cloud (Minnis et al. 2007).
Clouds at different levels can have different radiative impacts. For instance,
thick low clouds can reflect a significant amount of incoming SW solar radiation back
to space, and thin high clouds can reduce outgoing LW radiation. Multi-layer clouds
therefore behave radiatively differently compared to single-layer clouds. Cloud radia-
tive effects (CRE) of high-level clouds depend on a number of factors, including cloud
fraction, cloud top temperature, cloud optical properties, and cloud particle habit
(Rossow and lacis 1990; Garrett et al. 2009; McFarquhar et al. 2002). Generally,
the net CRE of high-level thin cirrus clouds is positive at TOA (McFarquhar et al.
2000), while the net CRE of thick anvils with visible optical depth larger than about
10 could be negative (Jensen et al. 1994). Low-level clouds typically have a cooling
effect, because they can reflect more SW radiation to space and have a relatively
small impact on the LW radiation (Chen et al. 2000; Dong et al. 2003). The impact
of mid-level clouds depends on the strengths of these two radiative effects of high-
and low-level clouds (Hartmann et al. 1992; Zhang et al. 2005; Zelinka et al. 2012).
Cloud vertical morphology contributes a major uncertainty in the analysis
of satellite data used for climate studies (Heidinger and Pavolonis 2005; Wang and
Dessler 2006; Li et al. 2011; Subrahmanyam and Kumar 2011). The ISCCP (Rossow
and Schiffer 1999) has been collecting measurements of visible (∼0.6 µm) and In-
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frared (IR, ∼11 µm) radiances from the imaging radiometers on the international
constellation of weather satellites since 1983. The ISCCP classification of clouds at
high-level, mid-level, and low-level using cloud top pressure is widely used in the
atmospheric community, even though there exist some uncertainties (Jin et al. 1996;
Wylie et al. 2005; Rossow and Zhang 2010).
ISCCP builds a cloud climatology by relating the observed radiances to cloud
radiative properties. Cloud top temperature is first retrieved by assuming that all
clouds are opaque. Cloud top pressure is then determined from cloud top temperature
using a profile of atmospheric temperature with pressure. If the cloud is opaque, it
radiates likes a blackbody hence the emission temperature is equivalent to the cloud
top temperature. However, if the cloud is optically thin, then the emission will
appear to be larger than that for the cloud top temperature due to contamination
by the radiation emitted by the warmer atmosphere and surface below. For clouds
with visible optical depth between 2 and 6, the cloud top temperature is corrected
by decreasing cloud top temperature (or increasing cloud top height) as a function
of optical depth. This correction produces overestimations of cloud top temperature
and pressure. During nighttime, however, semitransparent cirrus clouds may be
falsely identified as mid-level clouds by not being able to use visible optical depth to
correct cloud height. This leads to the general underestimation and overestimation
of high- and mid-level clouds amounts in the ISCCP dataset, respectively (Jin et al.
1996; Rossow and Zhang 2010).
In contrast, the TOVS-B (Stubenrauch et al. 2006) dataset uses the IR ra-
diances together with microwave observations and is more sensitive to high clouds.
Similarly, the HIRS, which uses the CO2 slicing analysis (Wylie and Menzel 1989;
Wylie et al. 1994), also has better sensitivity to cirrus clouds. While the TOVS-B
and HIRS are capable of detecting cirrus clouds, they do not detect low clouds ob-
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scured by the high clouds. For instance, in the case of thin cirrus overlying mid- or
low-level clouds, TOVS-B or HIRS provides the properties of the cirrus, whereas the
use of visible channel by ISCCP leads to inference of a mid-level cloud. Discrepancies
in the global coverage between ISCCP and TOVS-B (Stubenrauch et al. 2006) and
between ISCCP and HIRS (Jin et al. 1996; Wylie et al. 2005) have been explained
by differences in temperature profiles, horizontal heterogeneities (partial cloud cover)
and vertical heterogeneities (multi-layer clouds).
In this chapter, we investigate the impacts of overlapping clouds in global
statistics at different levels using the combined lidar and radar observations aboard
the “A-Train” satellites. Comparisons of cloud amounts at different levels with the
ISCCP dataset are also made for the same time period.
2.2 Dataset
New active sensors onboard the “A-Train” satellites, such as the CPR (Stephens
et al. 2002) on CloudSat and CALIOP (Winker et al. 2009) on CALIPSO, are
able to measure the multi-layer clouds lacking in the passive satellite measurements
(Stephens et al. 2002). The CPR is a nadir-viewing instrument with an effective
horizontal resolution of 1.4 km (Stephens et al. 2008). It transmits at 94-GHz (W-
band) and has a maximum and minimum detectable radar reflectivity of 29 and -30
dBZ (Stephens et al. 2008). With this sensitivity, the radar detects the majority of
clouds that significantly affect the radiation budget and critical elements of the water
budget of the atmosphere. The primary instrument aboard the CALIPSO payload is
CALIOP (Winker et al. 2003), which is a near-nadir viewing lidar operating at two
wavelengths centered at 532 and 1064 nm. The measurements made by the 532 nm
channel have good sensitivity to thin clouds and aerosols (Winker and Trepte 1998).
Cloud vertical profiles from either CloudSat or CALIPSO alone, however, cannot
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provide a complete picture of the cloud vertical structure. For instance, clouds con-
taining relatively small particles, like cold cirrus or shallow water clouds that do not
contain large particles or drizzle droplets, will not be detected by the CPR. The
CALIOP signal, on the other hand, can be completely attenuated by the clouds with
an visible optical depth greater than about 3 (Mace 2007; Mace et al. 2009).
A first step in using the information of multi-layer clouds from CloudSat and
CALIPSO is to combine cloud vertical profiles derived independently from these two
instruments. The combination of CALIPSO and CloudSat as well as other instru-
ments has been widely used in the cloud-related research (Wang et al. 2010; Joiner
et al. 2010; Li et al. 2011). The accuracy of overlapping CALIPSO and CloudSat
footprints in the coordination of satellite pointing has been discussed in previous
studies (Stephens et al. 2008; Mace et al. 2009), and shows that more complete in-
formation of clouds can be generated with the combination of these two instruments
(Mace 2007; Mace et al. 2009). Kato et al. (2010) demonstrated a sophisticated
method to merge CALIPSO, CloudSat, CERES, and MODIS data products into an
integrated dataset named CCCM (available at: http://eosweb.larc.nasa.gov/).
The CCCM dataset spatially collocates CALIPSO, CloudSat and MODIS
with near nadir view of the CERES instrument’s footprints. The horizontal resolu-
tion of CCCM is the length of CERES footprint (approximately 20 km). The best
estimate of the vertical profile of cloud properties is determined from CALIPSO and
CloudSat. Kato et al. (2010) stated that the merged cloud profiles of CCCM are pri-
marily based on CALIPSO derived cloud profiles, except when the CALIPSO signals
are completely attenuated. The cloud layer top and base height are examined from
TOA to the surface. The cloud boundary determination strategy is demonstrated in
Table 2.1. Approximately 85% and 77% of cloud top and base heights are determined
from CALIPSO according to Kato et al. (2010).
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Table 2.1 Cloud profile merging strategy (obtained from Kato et al. 2010).
Cloud CALIOP CPR Merged
Boundary Boundary
Top Detected Detected Higher cloud top
Top Detected Undetected CALIOP cloud top
Top Undetected Detected CPR cloud top
Base Not completely Undetected CALIOP cloud base
attenuated
Base Not completely Detected CALIOP cloud base
attenuated
Base Completely attenuated Detected CPR cloud base
Base Completely attenuated Undetected CALIOP lowest
unattenuated cloud base
The CCCM keeps up to 16 cloud groups (i.e. 16 different sets of cloud top and
base boundaries) in a CERES footprint. The clouds with the same cloud layering
and the largest cloud fraction are grouped together into group one, and subsequently
from group two to group sixteen. For each cloud group, there are up to a total of six
cloud overlapping layers. Once cloud height profiles from CALIPSO and CloudSat
are merged, we manually match the cloud top temperature and pressure for each
cloud layer in an individual merged cloud group using the atmospheric pressure and
temperature profiles from the Global Earth Observing System (GEOS) data product
provided to the CALIPSO project by the NASA Global Modeling and Assimilation
Office (GMAO) Data Assimilation System. A total of three and a half years (July
2006 - December 2009) of the CCCM data are selected for the analysis.
The ISCCP cloud amounts at high-, mid-, and low-level are used to make com-
parisons with the CCCM dataset for the same time period. The ISCCP D2 monthly
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mean cloud amount is available at http://isccp.giss.nasa.gov/products/browsed2.html.
2.3 Identification of single-layer and multi-layer clouds
Cloud layering can have different meanings to the remote sensing and model-
ing communities. In remote sensing, cloud layering typically refers to the situations
in which one cloud geometrically overlaps a lower level cloud within a Field of View
(FOV) and it is frequently looked at as a potential source of errors (Baum and
Wielicki 1994). A common assumption is that there is a cloud-free layer between the
two cloud layers. In GCMs, the cloud overlap problem typically refers to different
ways of arranging clouds in the prescribed layers of the vertical column within a
GCM grid box - whether or not the cloud layers are separated by non-cloudy airs.
Not surprisingly, changing the cloud overlap scheme in GCMs affects cloud radiative
forcing (Weare 2001), but observational studies have shown that cloud layering is
complicated and depends on location and local dynamics and radiation (Mace and
Benson-Troth 2002; Falk and Larson 2007).
Table 2.2 Frequency of occurrence (%) of single-, double, triple, and four or more
than four-layered clouds over the globe. Data are from Table 1 in Wang et al. (2000)
and Table 1 in Subrahmanyam and Kumar (2011).
Single- Double- Triple- ≥ Four-layer
Want et al. (2000) 58 28 9 5
Subrahmanyam and Kumar (2011) 57 29 11 3
Because the CCCM dataset only provides cloud information for up to six
layers, the single-layer clouds and multi-layer clouds are then manually derived from
the merged cloud groups. When a CERES footprint contains only one cloud layer
for each group, the cloud within this CERES footprint can be referred to “Single-
layer cloud”. “Multi-layer cloud”, on the other hand, means all cloud profiles within
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the corresponding CERES footprint contain more than one cloud layer for each
profile. Several previous studies have reported statistically significant frequency of
multi-layer cloud occurrence regionally and globally (Wang et al. 2000; Wang and
Dessler 2006; Subrahmanyam and Kumar 2011). Table 2.2 shows the frequency of
occurrence of single-layer and multi-layer clouds in two previous studies. In the
Wang et al. (2000) investigation, they showed that multi-layer clouds occurred 42%
of the time in a 20-year radiosonde dataset. Among all the multi-layer clouds, two-
layered, three-layered, and clouds with more than 4 layers were present 28%, 9%,
and 5%, respectively, of the time. Subrahmanyam and Kumar (2011), using the
CloudSat 2B-GEOPROF-LIDAR data (Mace 2007) of the year 2007, studied multi-
layer clouds across the globe. They found that multi-layer clouds occurred 43%
globally and approximately 70% of the multi-layer clouds were two-layered clouds.
Since two-layered clouds substantially dominate the multi-layer cloud systems, this
dissertation will only focus on the two-layered cloud scenarios.
2.4 Results
In this study, only overcast satellite footprints are considered. Cloud amount
in a given CERES footprint is defined as:
A =
N
T
where A is the cloud amount, N represents the number of single- or multi-layer
cloud profiles, and T is the total merged cloud profiles from combined CALIPSO
and CloudSat observations. Similar definitions for cloud amounts of single- and
multi-layer clouds can be found in Li et al. (2011).
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Figure 2.1 Global distributions of cloud amounts for single- and multi-layer clouds
from collocated CALIPSO and CloudSat between December 2007 and November
2008. Cloud amount refers to in a given CERES footprint is defined as the ratio
between the number of single- or multi-layer cloud profiles and the total merged
cloud profiles from combined CALIPSO and CloudSat observations.
Figure 2.1 shows the global frequency maps of the determined single- and
multi-layer cloud amounts. The distribution patterns of single- and multi-layer clouds
in this figure are similar to the global maps of cloud fraction of these clouds in Li et
al. (2011), even though clear sky cases were included in their calculations. Except
for a few areas in the tropical region, the amount of single-layer clouds generally
exceeds the multi-layer clouds over the globe for the entire period (three and a half
years). Higher amounts of single-layer clouds occur between the latitudes of 10o and
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30o in the NH. Greater values are also seen over the ocean on the western coast
of continents between 0o S and 30o S, and at mid- and high-latitudes in the SH.
Generally, more multi-layer clouds occur over oceans than over land. Looking at
this figure, it is evident that multi-layer clouds occur more frequently than single-
layer clouds in the low-latitudes, particularly over northern South America, central
Africa, Southeast Asia, and the tropical western pacific. This feature is consistent
with previous observations using the Advanced Very High Resolution Radiometer
(AVHRR, Heidinger and Pavolonis 2005), and has been shown to lead to more com-
plexity in deducing the radiative impact of clouds (Wielicki et al. 1995; Chen et al.
2000). High frequencies of multi-layer clouds can also be seen in high-latitudes. It is
therefore of great importance to involve multi-layer clouds during the investigation
of global cloud statistics.
Figure 2.2 Probability distribution functions of cloud top and base height, cloud top
pressure, and cloud thickness.
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The factors that influence the radiative effects of clouds are numerous and
complicated. When cloud overlap occurs, the determination of cloud microphysical
and macrophysical properties is challenging (Nasiri 2004; Chang and Li 2005; Huang
et al. 2005; Joiner et al. 2010). Because the discussion of microphysical properties is
beyond the scope of this dissertation, only cloud macrophysical retrievals, including
cloud top and base height, cloud top pressure, and cloud thickness, are analyzed in
this section. Figure 2.2 shows the probability distribution function (PDF) of cloud
top and base height, cloud top pressure, and cloud thickness for single- and multi-
layer clouds. The single-layer clouds and top and bottom layers of multi-layer clouds
are shown separately. The majority of the top layer clouds within the multi-layer
cloud systems have cloud tops above approximately 4 km or 700 hPa, and cloud base
heights are generally higher than 2km. The cloud top heights from the bottom cloud
layer within the multi-layer cloud systems are lower than about 8 km or 400 hPa, and
the cloud base heights are largely between 0 and 2 km. A notable amount of clouds
have geometric thickness of larger than 5 km. Li et al. (2011) documented that
the maximum single- and multi-layer cloud thickness occur in the tropical regions.
Figure 2.3 shows the global average of cloud top height and pressure for the top
and bottom layers of multi-layer clouds that corresponds to Figure 2.2. In the top
two panels, it is evident that the top layer clouds are approximately above 13 km or
250 hPa in the tropics. From about 30o N(S) to the polar regions, the cloud tops
are generally between 7 and 11 km or between 300 and 450 hPa. Cloud tops of
bottom layer clouds are generally lower than about 4 km or 750 hPa over oceans.
Over northern South America, Africa, and tropical western pacific, the cloud tops
of the bottom cloud layers can be up to 8 km or 400 hPa, which can be classified as
mid-level clouds (Riihimaki et al. 2012).
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Figure 2.3 Global average of cloud top height and pressure for the top and bottom
layers of multi-layer clouds.
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Figure 2.4 Global distributions of topmost-layer and all clouds as well as their differ-
ence. Single-layer and the top layer of multi-layer are included in the topmost-layer
clouds; single- and multi-layer (top and bottom) clouds are included in all clouds.
Difference: all clouds - topmost-layer.
Traditional satellite imagers and sounders only see the uppermost cloud top
in each vertical column. If multi-layer clouds occur, the existing cloud statistics
obtained from passive satellite techniques cannot accurately account for all the cloud
information for climate-related applications. Rossow and Zhang (2010) developed a
new statistical model using the statistics from a combination of the ISCCP dataset
28
and radiosonde profiles, and they classified clouds into high-, mid-, and low-level
clouds based on cloud top pressure of the uppermost cloud layer in each profile.
However, the use of only uppermost cloud layer can introduce significant errors in
the analysis. Global maps of uppermost-layer clouds, all clouds, and their differences
using the CCCM dataset are demonstrated in Figure 2.4. In our study, all clouds
mean that both single-layer and multi-layer (top and bottom) clouds are included.
The major differences between the uppermost-layer and all clouds are found over
the mid- and high-latitude oceans and the Intertropical Convergence Zone (ITCZ).
The lowest values are shown over the continents in northern Africa and Australia.
Figure 2.5 shows the zonal distribution of the topmost-layer and all clouds at different
levels using cloud top pressure (high: Pt ≥ 440 hPa; middle: 440 hPa < Pt < 680
hPa; low: Pt ≤ 680 hPa, hereafter referred as ISCCP definition), of January and
July averaged over the three years and a half period. The distribution patterns of
clouds at different levels are similar for both January and July, although the ITCZ
looks to shift northward in July. High-level clouds are the dominant cloud type in
the tropical region. Mid-level clouds occur less frequent than high- and low-level
clouds from tropics to high-latitudes. Larger differences of high- and low-level clouds
between topmost-layer and all clouds can be found in winter season.
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Figure 2.6 Global distributions of topmost-layer and all clouds at three levels using
ISCCP. Diff: all clouds - topmost-layer.
From Figures 2.6 to 2.8, cloud at different levels for topmost-layer (left), all
clouds (middle), and their difference (right) are presented. Figure 2.6 follows the
ISCCP definition, and Figures 2.7 and 2.8 use cloud top height (high: Zt ≥ 7 km;
middle: 3 km < Zt < 7 km; low: Zt ≤ 3 km, hereafter referred as cloud-top definition)
and cloud base height (high: Zb ≥ 5 km; middle: 2 km < Zb < 5 km; low: Zb ≤
2 km, hereafter referred as cloud-base definition), respectively. Table 2.3 shows the
number of footprints in different latitudes for clouds at different levels using three
different classification schemes. As seen in Table 2.3, the high-level clouds, defined
using cloud-base definition, are generally fewer than those determined by ISCCP and
cloud-top definitions globally. The ISCCP definition identifies a comparable number
of high-level clouds in the low- and mid-latitudes, as does the cloud-top definition,
but not in the polar regions. From Figs 2.6 to 2.8, we know that the major difference
of high-level clouds between topmost-layer and all clouds are in the low-latitudes,
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particularly in South America, central Africa, Southeast Asia, and tropical western
pacific, where multi-layer clouds occur frequently.
Table 2.3 Number of CERES footprints in different latitude zones for high-, mid,
and low-level clouds of topmost-layer and all clouds. The numbers of all clouds
are shown in the parenthesis. Rows in each level represent different classification
definition. Top, middle, and bottom rows correspond to ISCCP definition, cloud-top
definition, and cloud-base definition, respectively.
Global Tropical Mid-latitude High-latitude
(30oS-30oN) (30-60oS, 30-60oN) (60-90oS, 60-90oN)
High-level 1,981,848 591,658 766,512 623,678
(2,289,963) (710,090) (845,462) (734,411)
1,857,178 590,872 726,582 539,724
(2,114,279) (707,300) (789,007) (617,972)
1,536,981 544,453 575,228 417,300
(1,754,311) (649,251) (630,703) (474,357)
Mid-level 372,529 33,769 142,106 196,654
(766,262) (116,701) (285,461) (364,100)
519,514 46,371 193,606 279,537
(989,447) (146,802) (366,008) (476,637)
415,392 40,970 151,631 222,791
(749,007) (126,130) (261,982) (360,895)
Low-level 1,970,448 784,961 867,030 318,457
(2,821,247) (1,033,764) (1,220,496) (566,987)
1,948,163 773,145 855,473 319,545
(2,773,797) (1,006,453) (1,196,422) (570,922)
2,367,251 824,506 1,046,139 496,606
(3,365,863) (1,084,312) (1,454,446) (827,105)
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Figure 2.7 Similar as Figure 2.6. High-, mid-, and low-level clouds are defined using
cloud top height (Zt). High-level: Zt ≥ 7 km; Mid-level: 3 km < Zt < 7 km; Low-
level: Zt ≤ 3 km. Diff: all clouds - topmost-layer.
Figure 2.8 Similar as Figure 2.6. High-, mid-, and low-level clouds are defined using
cloud base height (Zb). High-level: Zb ≥ 5 km; Mid-level: 2 km < Zb < 5 km;
Low-level: Zb ≤ 3 km. Diff: all clouds - topmost-layer.
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Conversely, the number of low-level clouds determined by the cloud-base def-
inition in Table 2.3 is much greater than compared to ISCCP and cloud-top defini-
tions. This is likely due to some geometrically thick clouds, such as deep convective
clouds or cumulus congestus with cloud bases less than 2 km, being classified as
low-level clouds. The ISCCP definition, however, finds a similar amount of low-level
clouds as the cloud-top definition does globally. A distinguishable feature shown in
Figs 2.6 to 2.8 is the low level clouds have discriminated features over the oceans.
Table 2.3 also shows that the largest variations are seen in the mid-level clouds. The
number of mid-level clouds within all clouds account for approximately a factor of
two compared to topmost-layer clouds. The sensitivity of mid-level cloud frequency
varies greatly with observational techniques and definitions (Stubenrauch et al. 2006;
Hahn and Warren 1999; Hahn and Warren 2003). Additionally, the ISCCP definition
classifies less mid-level clouds than cloud-top and cloud-base definitions. Significant
discrepancies exist in mid- and high-latitudes as well as ITCZ when multi-layer clouds
are included (see Figs 2.6 to 2.8).
Through comparisons with CALIPSO and CloudSat observations, Rossow and
Zhang (2010) found three major differences: 1) overestimation of mid-level clouds
in polar regions; 2) overestimation of cloud top pressure of highest-level clouds, es-
pecially in the tropical regions; and 3) underestimation of low-level cloud amounts
over southern mid-latitude oceans. However, in Rossow and Zhang (2010), they only
considered the clouds in the uppermost-layer, whereas in our study, we include both
the uppermost-layer and all clouds from the CCCM dataset in the analysis. Figure
2.9 shows normalized frequencies of ISCCP cloud mounts and CCCM cloud amounts
of topmost-layer and their differences at three vertical levels using the ISCCP def-
inition for the same time period. And similarly, Figure 2.10 shows cloud amounts
at each level but uses all clouds from CCCM rather than only topmost-layer clouds.
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The global distribution of high-level clouds of ISCCP and CCCM datasets are sim-
ilar with high values over land and the tropical western pacific and low values over
the west coast of continents. The largest discrepancy of high-level clouds between
the two datasets is in the tropics, NH continents, and polar regions. Generally, the
ISCCP data underestimate high-level clouds in Figure 2.9 and Figure 2.10, which is
consistent with a few previous studies that made comparisons between the ISCCP
and HIRS datasets (Jin et al. 1996; Wylie et al. 2005). The differences decrease
when multi-layer clouds are included and compared to the topmost-layer clouds only.
Significant differences between the ISCCP and CCCM are shown for the mid-level
clouds, where the ISCCP in general overestimates mid-level clouds globally. With
regard to low-level clouds, the two datasets show similar global distributions except
at the South Pole because no data is obtained from ISCCP. The ISCCP dataset un-
derestimates low-level clouds over oceans from about 30o N southward to the South
Pole. Additionally, the ISCCP finds more low-level clouds in the Sahara Desert re-
gion, and in contrast, the CCCM reports more high-level clouds there instead. The
difference is likely due to the detection sensitivities of different instruments to clouds
and aerosols in a region with a bright surface (e.g. deserts or snow-covered land)
(Chen et al. 2010; Rossow and Zhang 2010).
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Figure 2.9 Normalized frequency of ISCCP cloud amounts and topmost-layer cloud
amounts from CCCM as well as their difference at three levels using ISCCP definition.
Diff: ISCCP - topmost-layer.
Figure 2.10 Normalized frequency of ISCCP cloud amounts and all cloud amounts
from CCCM as well as their difference at three levels using ISCCP definition. Diff:
ISCCP - all clouds.
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3. CHARACTERISTICS OF MID-LEVEL CLOUDS
In the last chapter, we introduced a merged CCCM data set spanning July
2006 to December 2009. The active remote sensing datasets from CloudSat and
CALIPSO allow us to deal with cases involving multiple cloud layers, which are a
source of uncertainties in cloud studies based on purely passive observations. We sta-
tistically discussed the impacts of overlapping clouds at different vertical levels, and
the results showed that it is fundamentally important to involve multi-layer clouds
both in regional and global statistics. In this chapter, we focus on the characteristics
of mid-level clouds. The three years and a half years of the CCCM dataset is also
used in the analysis. Three major questions will be addressed: 1) Because multi-layer
clouds occur frequently, what fraction of mid-level clouds tend to occur in the multi-
layer cloud scenes? 2) What are the observed relationships between cloud frequency,
cloud top height and pressure, geometrics thickness, and cloud top temperature for
mid-level clouds? 3) How effective is cloud top temperature for classifying mid-level
clouds?
3.1 Mid-level clouds in the multi-layer cloud regimes
Traditionally, satellite-based cloud retrievals were made under the assumption
of a single cloud layer within a FOV. The presence of multiple cloud layers introduces
errors in infrared-based cloud top pressure retrievals (Baum and Wielicki 1994) with
the retrieved upper-cloud height lower than the actual upper-cloud height. A recent
development is the assumption of up to two cloud layers in a FOV, such as the
AIRS standard retrievals (Susskind et al. 2003). In this section, we will consider the
frequency of cloud layering as it relates to mid-level clouds from the observational
perspective.
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Figure 3.1 shows the global frequency distributions of mid-level clouds when
using the cloud-top (3 km < Zt < 7 km), cloud-base (2 km < Zb < 5 km), and ISCCP
(440 hPa < Pt < 680 hPa) definitions of the mid-level for single-layer (left panel),
multi-layer top (middle panel), and multi-layer bottom (right panel), respectively.
The global distribution patterns of mid-level cloud for single-layer cloud scenes are
clearly different from the top and bottom layers within the multi-layer cloud regimes.
It is important to point out that CALIPSO is more sensitive than most other satellite
instruments to optically thin clouds, such as cirrus. Because of this sensitivity and
the frequency of thin cirrus clouds, single-layered mid-level cloud scenes are not
incredibly common in the low-latitude regions. When the top layer of multi-layer
cloud scenes are determined as mid-level, it is clear that these clouds are mostly
distributed over the high-latitudes. On the other hand, if the bottom layer of multi-
layer cloud scenes are classified as mid-level clouds, it is easy to see that mid-level
clouds are relatively common under cirrus in deep convection regions, such as the
ITCZ and rain forest regions, as well as in the higher mid-latitudes.
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Figure 3.2 shows the joint histograms for the top layer and bottom layer within
the multi-layer cloud regimes as a function of cloud top height (top panel), cloud base
height (middle panel), and cloud top pressure (bottom panel), respectively. Three
categories of histograms are also plotted for different latitudinal regions (tropics: 30o
N−30o S; mid-latitude: 30o−60o N(S); high-latitude: 60o−90o N(S)). Each subplot
is sliced into nine boxes, two of which are labeled. We may associate boxes A, C,
and E as mid-level over low-level clouds and boxes B, D, and F as high-level over
mid-level clouds. These boxes are the main focuses for mid-level clouds here. We
can see that the majority of the clouds of the multi-layer cloud scenarios are high-
level over low-level. Table 3.1 lists the numbers and percentage of the corresponding
boxes in each subplot in Figure 3.2 using the three definitions for mid-level clouds.
Fewer mid-level clouds occur in the tropics than mid- and high-latitudes. Generally,
the cloud-top and cloud-base definitions identify more mid-level cloud scenes than
the ISCCP definition except the mid-level over low-level using cloud-base in the low
latitudes. In the tropics, the high-level over mid-level clouds occur more frequently
(approximately a factor of 8 or 9) than mid-level over low-level clouds. In mid- and
high-latitudes, the high over middle cloud scenarios occur approximately as twice as
much as the mid-level over low-level clouds with the cloud-top and ISCCP definitions,
and on the other hand, the cloud-base definition shows a roughly comparable number
of middle over low and high over middle clouds. Additionally, there are also notable
amounts of mid-level over mid-level clouds in Figure 3.2; however, these cloud scenes
occur much less frequent than the mid-level over low-level and high-level over mid-
level scenes.
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Table 3.1 Number of mid-level clouds in the multi-layer cloud scenes. The total
number of multi-layer clouds is 1,552,671. A-F corresponds to boxes A-F in Figure
3.2. Percentage is shown in the parenthesis.
Definitions Tropical Mid-latitude High-latitude
(30oS-30oN) (30-60oS, 30-60oN) (60-90oS, 60-90oN)
cloud-top A A A
10,786 63,671 89,730
(0.6%) (4.1%) (5.8%)
B B B
97,870 157,756 157,634
(6.3%) (10.2%) (10.2%)
cloud-base C C C
9,534 81,906 118,468
(0.6%) (5.3%) (7.6%)
D D D
84,204 105,817 123,832
(5.4%) (6.8%) (8.0%)
ISCCP E E E
10,833 45,605 57,982
(0.7%) (3.0%) (3.7%)
F F F
81,530 136,978 151,576
(5.3%) (8.8%) (9.8%)
3.2 Characteritics
To investigate the characteristics of the mid-level clouds, we include all clouds
(single-layer+multi-layer) in this section. Because the ISCCP definition of classify-
ing mid-level clouds between 680 and 440 hPa is widely used in the climate model
community, as a starting point, the ISCCP convention of mid-level clouds will first
be followed. The ISCCP mid-level cloud pressures correspond to cloud top height
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between 3.2 and 6.4 km in a standard mid-latitude winter atmosphere and between
3.4 and 6.9 km in a standard tropical atmosphere (McClatchey et al. 1972). To
characterize mid-level clouds globally, the cloud top height range is expanded to be-
tween 3 and 7 km, even though other thresholds are often used in surface remote
sensors (Mace et al. 2006; Riihimaki et al. 2012). Additionally, the characteristics
of mid-level clouds defined by cloud-base definition as used in the last chapter are
also examined. One of the main focuses of characterizing mid-level using the three
definitions is to see whether the common mid-level cloud definitions find the same
set of clouds. Moreover, to test the sensitivities of mid-level cloud frequencies to
different definitions, a set of thresholds for cloud top and base boundaries are also
investigated statistically.
Figure 3.3 Probability distributions of mid-level clouds using the ISCCP definition
between 680 and 440 hPa as a function of a) cloud top height, b) cloud base height, c)
cloud thickness, and d) cloud top temperature. The four curves are for global (black),
high-latitude (red), mid-latitude (green), and tropics (blue). e-h): Global averages
of cloud top height, cloud base height, cloud thickness and cloud temperature.
Figure 3.3 shows mid-level cloud frequencies for the ISCCP definition between
680 and 440 hPa. These clouds are examined in terms of cloud top pressure, cloud
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base height, cloud thickness, and cloud top temperature for different latitudinal bands
(tropics: 30o N−30o S; mid-latitude: 30o−60o N(S); high-latitude:60o−90o N(S)).
The global averages for the aforementioned quantities are also displayed. Figs 3.3a
and 3.3b show the distribution of cloud top heights and cloud base heights for clouds
with cloud top pressure between 680 and 440 hPa. Horizontal dashed lines show the
traditional mid-level cloud top boundaries between 3 and 7 km (Fig 3.3a) and the
base boundaries between 2 and 5 km (Fig 3.3b). Only a negligible amount of the mid-
level clouds have cloud top height below 3 km and above 7km. The highest averaged
values of cloud top height are found in northern Africa and northwestern China (Fig
3.3e). Figs 3.3b and 3.3f show that a notable amount of clouds have a cloud base
height lower than 2 km over the oceans, which suggests that using the cloud-base
definition will exclude these mid-level clouds determined by ISCCP definition. Figure
3.3c shows that geometrically thin mid-level clouds (< 2 km) are approximately 70%,
50%, and 50% of the amounts of mid-level clouds in the tropics, mid-latitude, and
high-latitude, respectively. Geometrically thick clouds (cloud thickness > 2.5 km)
are generally more common in mid- and high-latitudes. From Figs 3.3d and 3.3h,
we can see that a significant amount of mid-level clouds, classified using the ISCCP
definition, generally have cloud top temperature above -10oC in the tropics and below
-10oC in the high-latitudes, whereas these clouds cover a large range between -50oC
and 10oC in the mid-latitudes.
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Figure 3.4 Similar to Figure 3.3, but for mid-level clouds using the cloud-top defini-
tion between 3 and 7 km.
Figure 3.4 is similar to Figure 3.3, but shows mid-level cloud frequencies
using the cloud-top definition between 3 and 7 km. Figs 3.4a and 3.4b illustrate
distribution of cloud top pressures and cloud base heights for clouds with cloud top
heights between 3 and 7 km. Similarly, horizontal dashed lines show the mid-level
cloud top and base boundaries between 680 and 440 hPa (Fig 3.4a) and between
2 and 5 km (Fig 3.4b). It is easy to see that although the majority of the mid-
level clouds have cloud top pressure between 680 and 440 hPa, a notable amount of
these clouds are above 680 hPa or below 440 hPa when cloud top height is used to
identify mid-level clouds. The higher cloud top pressure values are found over the
oceans in the low-latitudes and the low values are located in northern Africa and
northwestern China (Figure 3.4e). The mid-level cloud frequency plots through Figs
3.4b to 3.4d are similar to Figs 3.3b to 3.3d except the magnitude changes, implying
that further studies of the mid-level clouds defined by cloud-top definition are needed
to understand the extent of regional variations.
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Figure 3.5 Similar to Figure 3.3, but for mid-level clouds using the cloud-base defi-
nition between 2 and 5 km.
Figure 3.5 shows mid-level cloud frequencies using the cloud-base definition
between 2 and 5 km. Figs 3.5a and 3.5b show the distribution of cloud top heights and
cloud top pressures. Horizontal dashed lines show the mid-level cloud top boundaries
between 3 and 7 km (Fig 3.5a) and between 680 and 440 hPa (Fig 3.5b). It is obvious
that this definition will treat some geometrically thick clouds with cloud top height as
high as 14 km or 100 hPa, such as deep convective clouds, as mid-level clouds. This
indicates that the cloud-base definition has the potential of overestimating mid-level
clouds and needs more analyses to see whether it is from regional variations.
Mace et al. (2006) classified mid-level clouds using ground-based measurement
at ARM program SGP site. They considered thin mid-level clouds as having cloud
base height greater than 3 km, cloud top height less than 6.5 km, and optical depth
less than 10; they also treated thick mid-level clouds as having cloud base height
between 3 and 6.5 km and optical depth greater than 10. In their classification, it is
also possible to include geometrically thick clouds within the mid-level determination.
Due to the classification criteria of the cloud-base definition for mid-level clouds, the
cloud thickness can be greater than 8 km. Additionally, the cloud top temperature
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for mid-level clouds with this definition in tropics and high-latitude also overlap
approximately at -10oC. These types of clouds in the mid-latitudes also cover a large
temperature range of -80oC and 20oC.
Table 3.2 Number of mid-level clouds in the adjusted thresholds of the ISCCP def-
inition for all cloud scenes (single-layer+multi-layer). The 6th column shows the
number of mid-level clouds using the traditional ISCCP definition. The percentage
shows in the parenthesis is the variation from the 6th column in each row.
CTP(hPa) 420−660 420−680 420−700 440−660 440−680 440−700 460−660 460−680 460−700
Global 780,303 846,101 920,068 700,464 766,262 840,229 621,782 687,580 761,547
(1.8%) (10.4%) (20.1%) (-8.6%) (9.7%) (-18.9%) (-10.3%) (-0.6%)
Tropics 113,948 126,020 140,873 104,629 116,701 131,554 91,707 103,779 118,632
(30oS-30oN)) (-2.4%) (8.0%) (20.7%) (-10.3%) (12.7%) (-21.4%) (-11.1%) (1.7%)
Mid-latitude 292,880 317,377 346,140 260,964 285,461 314,224 231,366 255,863 284,626
(30-60oS, 30-60oN) (2.6%) (11.2%) (21.3%) (-8.6%) (10.1%) (-19.0%) (-10.4%) (0.3%)
High-latitude 373,475 402,704 433,055 334,871 364,100 394,541 298,709 327,938 358,289
(60-90oS, 60-90oN) (2.6%) (10.6%) (18.9%) (-8.0%) (8.3%) (-18.0%) (-9.9%) (-1.6%)
Table 3.3 Similar to Table 3.2, but changes cloud base and top boundaries of 50 hPa.
CTP(hPa) 390−630 390−680 390−730 440−630 440−680 440−730 490−630 490−680 490−730
Global 821,521 977,460 1,182,335 610,323 766,262 971,137 423,118 579,057 783,932
(7.2%) (27.6%) (54.3%) (-20.4%) (26.7%) (-44.8%) (-24.4%) (2.3%)
Tropics 111,238 140,733 182,813 87,206 116,701 158,781 58,704 88,199 130,279
(30oS-30oN)) (-4.7%) (20.6%) (56.7%) (-25.3%) (36.1%) (49.7%) (-24.4%) (11.6%)
Mid-latitude 312,632 369,921 454,459 228,172 285,461 369,999 156,683 213,972 298,510
(30-60oS, 30-60oN) (9.5%) (29.6%) (59.2%) (-20.1%) (29.6%) (-45.1%) (-25.0%) (4.6%)
High-latitude 397,651 466,806 545,063 294,645 364,100 442,357 207,731 276,886 355,143
(60-90oS, 60-90oN) (9.2%) (28.2%) (49.7%) (-19.0%) (21.5%) (-42.9%) (-24.0%) (-2.5%)
The sensitivity of mid-level cloud frequency to different definitions of the
mid-level is not known. Another goal of this study is to test the sensitivities of
mid-level clouds to the cloud boundary thresholds. The adjusted cloud boundaries
for mid-level clouds in terms of cloud top pressure, cloud top height, and cloud base
height are listed from Table 3.2 to 3.7. First, the tests for mid-level clouds using the
ISCCP definition are demonstrated in Tables 3.2 and 3.3. In the ISCCP climatology,
cloud top pressure are biased high by about 20 hPa on average, equivalent to a high
bias of cloud top temperature of about 2 degrees (Rossow et al. 1999; Koelemeijer
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et al. 2002; Garay et al. 2008). Previous studies have shown that traditional
passive remote sensing techniques can provide cloud top pressure estimations with
uncertainties approximately between 30 and 50 hPa (Menzel et al. 2008; Eldering
et al. 2008), therefore, we use two thresholds 20 hPa (Table 3.2) and 50 hPa (Table
3.3) to adjust the ISCCP definition and test the corresponding statistics for mid-level
clouds. In Table 3.2, the sixth column shows the number of mid-level clouds between
680 and 440 hPa, and other columns are the adjustments. The changes discussed
here are on the basis of the sixth column. If we fix one boundary and change the
other boundary for ± 20 hPa (columns 3, 5, 7, and 9), the number of mid-level clouds
increases or decreases by about 8 % to 11%. If we extend or shrink both boundaries
(columns 4 and 8), then the changes in the number of mid-level clouds can be as high
as approximately 20%. In columns 2 and 10, if the pressure band is shifted upward
or downward, a slight change of less than approximately 3% in the total numbers can
be seen. The sixth column in Table 3.3 also shows the number of mid-level clouds
with cloud top pressures between 680 and 440 hPa. Again, if one cloud boundary
is fixed, the variations can be between 20 and 30% except that the highest change
(36.1%) is in the tropics with cloud top pressure between 730 and 440 hPa. If both
boundaries are extended or shrunk by 50 hPa, changes of between 40% and 60% can
be seen. Additionally, if we only shift the pressure band upward or downward, there
are significant variations that are as high as about 10%.
Tables 3.4 and 3.5 show the global statistics for mid-level clouds using cloud
top height definitions. As mentioned before, the ISCCP mid-level cloud pressures
correspond to cloud top height between 3.2 and 6.4 km in a standard mid-latitude
winter atmosphere and between 3.4 and 6.9 km in a standard tropical atmosphere
(McClatchey et al. 1997). Riihimaki et al. (2012) defined mid-level clouds as having
cloud top height between 4 and 8 km at the ARM TWP site at Darwin Australia.
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Therefore, we choose 0.5 km and 1 km as thresholds to see how the statistics change
correspondingly. Table 3.4 shows the adjustment with 0.5 km and Table 3.5 shows
changes of cloud top for 1 km. Also, the sixth columns in Tables 3.4 and 3.5 are
identical and show the number of mid-level clouds with cloud top height between 3
and 7 km. These statistics clearly show that a cloud top height-based definition of
the mid-level has more variations than the ISCCP definition when perturbing the
cloud boundaries, particularly in the tropical regions. The last column in Table 3.5
shows that the number of mid-level clouds between 4 and 8 km decreased 17.4% when
using their definition compared to the traditional definition with cloud top height
between 3 and 7 km.
Table 3.4 Similar to Table 3.2, but uses the cloud-top definition. The 6th column
shows the number of mid-level clouds using the cloud top height between 3 and 7
km.
CTH(km) 2.5−6.5 2.5−7.0 2.5−7.5 3.0−6.5 3.0−7.0 3.0−7.5 3.5−6.5 3.5−7.0 3.5−7.5
Global 1,075,270 1,203,844 1,335,112 860,873 989,447 1,120,715 711,367 839,941 971,209
(8.7%) (21.7%) (34.9%) (-13.0%) (13.3%) (-28.1%) (-15.1%) (-1.8%)
Tropics 189,194 204,766 291,816 131,230 146,802 161,852 98,360 113,932 128,982
(30oS-30oN)) (28.9%) (39.5%) (49.7%) (-10.6%) (10.3%) (-33.0%) (-22.4%) (12.1%)
Mid-latitude 401,794 450,969 501,871 316,833 366,008 416,910 261,078 310,253 361,155
(30-60oS, 30-60oN) (9.8%) (23.2%) (37.1%) (-13.4%) (13.9%) (-28.7%) (-15.2%) (-1.3%)
High-latitude 484,282 548,109 613,425 412,810 476,637 541,953 351,929 415,756 481,072
(60-90oS, 60-90oN) (1.6%) (15.0%) (28.7%) (-13.4%) (13.7%) (-26.2%) (-12.8%) (0.9%)
Table 3.5 Similar to Table 3.4, but changes cloud base and top boundaries for 1km.
CTH(km) 2.0−6.0 2.0−7.0 2.0−8.0 3.0−6.0 3.0−7.0 3.0−8.0 4.0−6.0 4.0−7.0 4.0−8.0
Global 1,348,073 1,600,926 1,863,009 736,594 989,447 1,251,530 464,263 717,116 979,199
(36.2%) (61.8%) (88.3%) (-25.6%) (26.5%) (-53.1%) (-27.5%) (-1.0%)
Tropics 301,238 332,958 361,346 115,082 146,802 175,190 61,158 92,878 121,266
(30oS-30oN)) (105.2%) (126.8%) (146.1%) (-21.6%) (19.3%) (-58.3%) (-36.7%) (-17.4%)
Mid-latitude 526,203 622,140 725,241 270,071 366,008 469,109 169,805 265,742 368,843
(30-60oS, 30-60oN) (43.8%) (70.0%) (98.1%) (-26.2%) (28.1%) (-53.6%) (-27.4%) (0.7%)
High-latitude 520,632 6,45,828 776,422 351,441 476,637 607,231 233,300 358,496 489,090
(60-90oS, 60-90oN) (9.2%) (35.5%) (62.9%) (-26.3%) (27.4%) (-51.1%) (-24.8%) (2.6%)
Mace et al. (2006) classified mid-level clouds as having cloud base height
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between 3 and 6.5 km using surface measurements at the ARM SGP site. Therefore,
a third adjustment of 1 km is chosen to perturb the cloud base height (Table 3.7),
and in order to show more contrasts, we also chose 0.5 km (Table 3.6). Again, the
sixth columns in Tables 3.6 and 3.7 are identical and are show the number of clouds
having cloud base heights between 2 and 5 km. Compared to the adjustments of
the ISCCP and cloud-top definitions, the statistics of the mid-level clouds using the
cloud-base definition show even more variations, with more high-level or low-level
clouds included in the mid-level when adjusting the cloud boundaries. The last
column in Table 3.7 shows the number of mid-level clouds with cloud base heights
between 3 and 6 km. The value indicates a negligible change (∼0.4%) when we move
the mid-level band upward.
Table 3.6 Similar to Table 3.2, but uses the cloud-base definition. The 6th column
shows the number of mid-level clouds using the cloud base height between 2 and 5
km.
CBH(km) 1.5−4.5 1.5−5.0 1.5−5.5 2.0−4.5 2.0−5.0 2.0−5.5 2.5−4.5 2.5−5.0 2.5−5.5
Global 857,639 974,693 1,095,036 631,953 749,007 869,350 477,093 594,147 714,490
(14.5%) (30.1%) (46.2%) (-15.6%) (16.1%) (-36.3%) (-20.7%) (-4.6%)
Tropics 166,683 183,259 199,059 109,554 126,130 141,930 74,878 91,454 107,254
(30oS-30oN)) (32.2%) (45.3%) (57.8%) (-13.1%) (12.5%) (-40.6%) (-27.5%) (-15.0%)
Mid-latitude 306,906 350,838 398,172 218,050 261,982 309,316 161,995 205,927 253,261
(30-60oS, 30-60oN) (17.1%) (33.9%) (52.0%) (-16.8%) (18.1%) (-38.2%) (-21.4%) (-3.3%)
High-latitude 384,050 440,596 497,805 304,349 360,895 418,104 240,220 296,766 353,975
(60-90oS, 60-90oN) (6.4%) (22.1%) (37.9%) (-15.7%) (15.9%) (-33.4%) (-21.4%) (-1.9%)
Table 3.7 Similar to Table 3.6, but changes cloud base and top boundaries for 1km.
CBH(km) 1.0−4.0 1.0−5.0 1.0−6.0 2.0−4.0 2.0−5.0 2.0−6.0 3.0−4.0 3.0−5.0 3.0−6.0
Global 1,269,029 1,497,796 1,739,236 520,240 749,007 990,447 236,166 464,933 706,373
(69.4%) (100.0%) (132.2%) (-30.1%) (32.2%) (-68.5%) (-37.9%) (-5.7%)
Tropics 310,285 343,073 374,201 93,342 126,130 157,258 34,756 67,544 98,672
(30oS-30oN)) (146.0%) (172.0%) (196.7%) (-26.0%) (24.7%) (-72.4%) (-46.4%) (-21.8%)
Mid-latitude 487,309 571,786 670,003 177,505 261,982 360,199 78,049 162,526 260,743
(30-60oS, 30-60oN) (86.0%) (118.3%) (155.8%) (-32.2%) (37.5%) (-70.2%) (-38.0%) (-0.4%)
High-latitude 471,435 582,937 695,032 249,393 360,895 472,990 123,361 234,863 346,958
(60-90oS, 60-90oN) (6.4%) (22.1%) (37.9%) (-15.7%) (15.9%) (-33.4%) (-21.4%) (-1.9%)
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3.3 Temperature
One key to predicting the occurrence of mid-level clouds is to understand
what thermodynamic regimes favor their occurrence. We have characterized the
occurrence of mid-level clouds by analyzing the frequencies in terms of cloud top and
base boundaries and geometrical thickness. Moreover, understanding relationships
between mid-level clouds and temperature is also important to numerical modeling
studies because the distribution between liquid water and ice in clouds is frequently
parameterized with respect to cloud temperature (Norris and Weaver 2001; Naud et
al. 2006). Looking at mid-level clouds in terms of cloud temperature may remove
some of the difficulties inherent in dealing latitudinal and/or seasonal variations in
the relationships between atmospheric profile height, temperature, and pressure.
The interest is spurred by observed microphysical and radiative similarities
between low-level Arctic stratus and mid-latitude mid-level altostratus (Fleishauer
et al. 2002). Johnson et al. (1999) categorized the mid-level cumulus congestus
clouds in the tropical cloudiness as having cloud tops near the 0oC melting level,
which is approximately 6-7 km. However, Haynes and Stephens (2007) identified
a bimodal distribution of tropical mid-level clouds and Riley and Mapes (2009) re-
ported a second peak in cloud top height around 8-9 km (∼-15oC) with measurements
from CloudSat. This bimodal feature existed in cumulus congestus clouds, altocu-
mulus, and altostratus clouds at corresponding levels. Many mid-level clouds occur
at temperatures in which mixed-phase clouds are possible and cloud remote sensing
is difficult (Cho et al. 2009).
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Figure 3.6 Probability distributions for high-, mid-, and low-level clouds using the
ISCCP, cloud-top, and cloud-base definitions as a function of cloud top temperature.
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Cloud distribution for different latitudinal bands (tropics: 30o N−30o S; mid-
latitude: 30o−60o N(S); high-latitude: 60o−90o N(S)) are demonstrated in Figures
3.6 and 3.7 using the CCCM dataset. Figure 3.6 shows the cloud top tempera-
ture distributions for high-level (solid), mid-level (dashed dot), and low-level clouds
(dashed) for the ISCCP, cloud-top, and cloud-base definitions, respectively. It is
evident that the peaks and overlaps shift towards lower temperature when moving
from low-latitudes to polar regions. The high-level clouds and low-level clouds can
be roughly separated at around 0oC, -22oC, and -30oC in the tropics, mid-latitude,
and high-latitudes, respectively.
The cloud top temperature shows difficulties in determining the mid-level
clouds, because they cover a fairly board temperature range from about -80oC to
15oC. Figure 3.7 shows the joint histograms for clouds as a function of cloud top and
base boundaries and cloud top temperature. In the tropics, cloud-top and ISCCP def-
inition show good correlations between cloud top temperature and cloud top height
and pressure. While not shown, the cloud-base definition treats some deep convec-
tion systems (∼8%) with cloud top height above 10 km as mid-level clouds according
to the cloud top height and cloud top temperature. In the mid- and high-latitudes,
the distributions of cloud-top and ISCCP definitions become broader, making the
determination of mid-level clouds using cloud temperature more difficult. Similar to
Figures 3.6 and 3.7, cloud distributions using the ground-based measurements at the
ARM TWP Darwin site is shown in Figure 3.8. The figures clearly show that the
cloud top temperature has fairly good correlation with cloud top height and cloud
top pressure in the tropical western pacific region. The mid-level clouds correspond
fairly well to cloud temperatures between -15oC and 10oC.
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We show the relationships between cloud top height and pressure and cloud
top temperature in Figure 3.7. We can easily see that there are overlaps of cloud
temperatures for clouds at different levels. Because the tropical region has differ-
ent correlation features compared to mid- and high-latitudes, it may be useful to
see the temperature difference between clouds at different levels. Figure 3.9 shows
the average temperature difference between mid-level and low-level clouds (left) and
high-level and mid-level clouds (right) for the cloud-top, cloud-base, and ISCCP def-
initions of clouds using the 3.5-year CCCM dataset. While the cloud temperature
difference between mid-level and low-level does not show a great deal of organization
with the cloud-top and ISCCP definitions, the cloud-base definition indicates a dis-
tinct feature that the positive difference are mainly distributed over the continents
except a few areas over the oceans in the tropics. There is a strong zonal signature to
the averaged cloud temperature difference between high clouds and mid-level clouds
using the three definitions. This is fairly useful when we know the long-term clima-
tology of cloud temperature of high-level clouds, and we can statistically characterize
mid-level clouds using the cloud temperature difference between high-level and mid-
level. However, another question that needs to be answered is that how the cloud
thermodynamic phase impacts the cloud temperature difference between clouds at
different levels. I will come back to this point and address the issue in chapter 5.
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4. DETECTION OF CLOUD THERMODYNAMIC PHASE USING
ATMOSPHERIC INFRARED SOUNDER (AIRS)
4.1 Background
Although considerable efforts have been made to improve the characterization
of cloud feedbacks, clouds are still a major source of uncertainty in climate projections
by GCMs and even in contemporary satellite observations (Cess et al. 1990; Wielicki
et al. 1995; Dessler 2010). A highly uncertain observable is the cloud thermodynamic
phase, which is the classification of cloud composition as liquid water droplets, ice
crystals, or a mixture of the two phases of hydrometeors (i.e., mixed-phase). Cloud
phase can significantly impact the planetary radiation energy budget (Ackerman et
al. 1988; Hartmann et al. 1992; Yang et al. 2003; McFarquhar and Cober 2004),
because the cloud radiative properties, which are closely coupled to the cloud particle
size and optical depth, vary according to the corresponding thermodynamic phase of
the hydrometeors. Knowledge of cloud phase is therefore of fundamental importance
to both remote sensing and climate simulations.
The determination of cloud thermodynamic phase is challenging for satellite
cloud remote sensing. Assuming water droplets instead of ice crystals when retriev-
ing cloud properties from satellite data can lead to biases in cloud height, optical
depth, and microphysical properties (Minnis et al. 1993; Mischenko et al. 1996).
Numerous efforts to derive cloud phase from satellite observations have been made
for the past decade (Key and Intrieri 2000; Goloub et al. 2000; Platnick et al. 2003;
Hu 2007). From passive sensors such as MODIS, the classification of cloud phase
typically utilizes the spectral absorption and/or scattering differences between liquid
water droplets and ice crystals (Baum et al. 2000; Platnick et al. 2003). Active
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sensors like the CALIOP onboard the CALIPSO payload (Winker et al., 2009) can
differentiate cloud particle phase based in part on the relationship between the de-
polarization ratio and attenuated backscatter of liquid droplets and ice crystals (Hu
et al. 2009). Due to the complexity of different cloud compositions and instrument
sensitivities, however, no single-phase determination approach is optimal for all cloud
types and regimes. Combinations of different instruments and techniques are there-
fore both desirable and necessary. For example, McFarlane et al. (2005) developed a
retrieval scheme to derive cloud particle phase and ice crystal habits using a combi-
nation of Multiangle Imaging Spectroradiometer (MISR) and MODIS observations
and Riedi et al. (2010) inferred cloud phase from merged MODIS and Polarization
and Directionality of the Earth Reflectance (POLDER) observations. Both of these
investigations demonstrated the added value of instrument synergy to obtain cloud
phase estimates.
Until recently, cloud thermodynamic phase determination methods have em-
phasized cloud phase assessments using only reflected solar radiation measurements.
Several approaches using the near-infrared measurements (Pilewskie and Twomey
1987; Riedi et al. 2000; Knap et al. 2002; Platnick et al. 2003; Chylek et al. 2006)
or in combination with mid-infrared brightness temperatures (BTs; Kokhanovsky et
al. 2006) have been developed. Solar reflectance-based retrievals essentially reply on
spectral differences in how liquid water droplets and ice crystals absorb solar radia-
tion at the wavelengths near 1.6, 2.1 and/or 3.7 µm. These techniques, however, are
highly sensitive to the solar zenith angle and satellite position and are only applicable
during daytime.
Purely infrared-based methods to determine cloud thermodynamic phase have
the advantage of being applicable to both daytime and nighttime because these tech-
niques have no dependence on solar radiation. Currently, few approaches use only IR
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observations to distinguish cloud phase. The bi-spectral IR cloud phase technique
used in the MODIS Collection 5 (C5) (Strabala et al. 1994; Baum et al. 2000)
has been used operationally for more than a decade with excellent global coverage.
The bi-spectral method is adequate for classifying cloud phase as either “ice” or
“water” for about 80% of the cloudy pixels globally. Using the supplementary infor-
mation contained in the visible and near-infrared bands, the MODIS bi-spectral IR
cloud phase algorithm has facilitated the retrieval of cloud optical and microphysical
properties (Platnick et al. 2003).
Recent investigations using radiative transfer simulations and MODIS C5
cloud products have indicated that the MODIS bi-spectral IR technique is limited,
particularly for optically thin cirrus and clouds with cloud top temperatures between
250 and 265 K (Nasiri and Kahn 2008; Cho et al. 2009). Nasiri and Kahn (2008)
explored the use of high-spectral-resolution IR measurements, such as the AIRS,
to determine cloud phase. Their model simulations showed cloud phase sensitivi-
ties of at least 0.5 K using the brightness temperature difference (BTD) between
1231 cm-1 and 960 cm-1 (abbreviated as BTD1231-960). Their results are generally
applicable to other high spectral IR instruments, such as the Infrared Atmospheric
Sounding Interferometer (IASI) and Cross-track Infrared Sounder (CrIS), although
these instruments contain additional spectral coverage missing in AIRS.
In this chapter, we introduce a newly developed cloud thermodynamic phase
determination algorithm using the high-spectral IR radiances from AIRS (referred
to as AIRS phase). This work is a further development of Nasiri and Kahn (2008) to
determine cloud phase using high-spectral IR observations. The AIRS phase algo-
rithm is initiated and developed based on radiative transfer simulations of a cloudy
atmosphere. A newly developed high-spectral-resolution cloudy-sky radiative trans-
fer model (HRTM, Wang et al. 2012) is used to simulate the brightness temperature
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(BT) for single-layer water and ice clouds at different vertical levels. Using the model
simulations and CALIPSO cloud phase products, four AIRS channels are analyzed
thoroughly. A computationally fast AIRS phase algorithm is proposed to use four
major parallel tests with different BT and/or BTD combinations to distinguish ice
and water clouds. It will be implemented operationally into the AIRS Version 6 (V6)
Level 2 (L2) support product in late 2012. A detailed discussion of the algorithm
and theoretical basis is in development (Nasiri et al. 2012), but will be summarized
here in this chapter.
4.2 Data
4.2.1 AIRS
The Atmospheric Infrared Sounder (AIRS) on the NASA EOS-Aqua platform
has acquired global observations of outgoing thermal infrared spectra since 2002 (Au-
mann et al. 2003). The AIRS instrument is a high-resolution (λ/4λ=1200) grating
spectrometer that observes the atmosphere at both visible and infrared wavelengths.
The infrared spectral coverage covers between 3.7 and 15.4 µm with a few spectral
gaps for a total of 2378 channels. These high-spectral resolution measurements have
a spatial resolution of about 13.5 km at a nadir view. AIRS scans out to ± 48.95o
from nadir, with 90 cross-track scan angles, yielding a swath width of approximately
1650 km at the surface. AIRS can measure approximately 2.9 million spectra per
day with excellent calibrations (Pagano et al. 2003; Schreier et al., 2010). Near
global coverage can be accomplished in a single day. The high-resolution spectra of
AIRS can provide a better global view of clouds than other sensors with only narrow
spectral bands.
The AIRS spectrum covers the 700-1300 cm-1 atmospheric window region,
which will be examined in the current study, although the spectral coverage between
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1050 and 1250 cm-1 is not complete. Window channels are preferable for the remote
sensing of clouds because absorption line effects that can complicate the interpre-
tation of cloudy IR spectra are either minimized or eliminated. However, because
the volume of AIRS data is enormous due to its high-spectral resolution, only a
limited number of channels are used in the AIRS phase algorithm. A few channels
are selected by manual inspection of the water and ice indices of reflection in Figure
4.1 using the approach presented in Kahn et al. (2005). The channels are chosen to
minimize the channel noise and maximize the sensitivity to cloud phase signatures in
IR radiances. The trade-offs between index of refraction and atmospheric transmis-
sivity are considered in the selection. For this study, we focus on the nine channels
listed in Table 4.1 because these channels minimize the effects of absorption lines
and channel noise. Each selected channel is averaged between two or three AIRS
individual channels. Subsequently, four channels are selected in the algorithm based
on the radiative transfer simulations. A detailed method is introduced briefly later
in this chapter.
Table 4.1 Nine selected AIRS channels. Each channel is averaged over two or three
individual channels in the AIRS spectrum that are shown in the third row.
Channels (cm-1) 857 868 926 930 960 1082 1096 1227 1231
Channels (µm) 11.66 11.62 10.80 10.75 10.42 9.24 9.12 8.15 8.12
Averaged channels 627 663 812 821 902 1157 1185 1284 1291
628 664 813 822 903 1158 1186 1285 1292
823
62
Figure 4.1 Imaginary part of index of refraction for water (solid line) and ice (dashed
line). Gray regions indicate of the MODIS bands centered at 8.5, 11, and 12 µm
(bands 29, 31, and 32, respectively). Adapted from Nasiri and Kahn (2008).
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Figure 4.2 An example of one AIRS granule. Color scale represents brightness tem-
perature at 960 cm-1. The solid black is the CALIPSO ground track.
63
4.2.2 CALIPSO
The CALIPSO satellite is located about 100 seconds behind Aqua, and the
two satellites provide near simultaneous observations of clouds along the CALIPSO
ground track. Figure 4.2 demonstrates an example of AIRS and CALIPSO observa-
tions, which clearly shows that CALIPSO has only near-nadir views.
CALIPSO cloud profiles are obtained from the backscattered light generated
at the dual wavelengths 532 and 1064 nm. The measurements made by the 532
nm channel provide high sensitivity to thin clouds and aerosols (Winker and Trepte
1998). One of the main features of CALIOP’s 532 nm channel is its dual polariza-
tion capability (Sassen 1991). It assumes that backscattered light from ice crystals
is depolarizing, whereas liquid water droplets, being spherical, result in minimal de-
polarization. The CALIPSO measurements include a number of quantities, such as
layer-integrated attenuated backscatter, volume depolarization ratio, and integrated
attenuated total color ratio. Specifically, the layer-integrated depolarization ratio
(δ) and the total layer-integrated attenuated backscatter (γ) at 532 nm, which are
defined as follows:
δ =
∫ b
t β⊥ dz∫ b
t β‖ dz
γ =
∫ b
t
[β⊥ + β‖] dz
where β⊥ and β‖ are the perpendicular and parallel components of the attenuated
backscatter, respectively.
Hu (2007) and Hu et al. (2009) introduced a powerful approach to determine
cloud thermodynamic phase exploiting these lidar capabilities. Water clouds consist-
ing of spherical liquid droplets typically demonstrate positive correlation between δ
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and γ, whereas the correlations for ice clouds tend to be negative. It should be
pointed out that although a single water droplet does not depolarize the backscat-
tered light, multiple scattering events within a water cloud do tend to depolarize lidar
signals. Therefore, the depolarization ratio associated with water clouds increases
with increasing backscatter and is positively correlated to the optical depth. Cloud
phase is differentiated using the spatial correlation of layer-integrated depolarization
ratio and attenuated backscatter. The procedure includes two steps: 1) use of a
simple two dimensional threshold method to provide a preliminary identification of
ice clouds containing randomly oriented ice crystals, horizontally oriented ice crys-
tals, and possible water clouds, and 2) application of a spatial coherence analysis
to distinguish water clouds from ice clouds containing horizontally oriented crystals.
Extra information, like cloud temperature, color ratio and vertical variation of de-
polarization ratio, is also considered by Hu et al. (2009). Their method has been
implemented operationally in the CALIPSO version 3 products.
For each cloud layer found in the CALIPSO cloud layer products (version 3,
1-km horizontal resolution), CALIPSO reports a set of feature classification flags in-
cluding feature type (e.g. cloud or aerosol) and cloud phase (referred to as CALIPSO
phase). The CALIPSO phase classification contains four categories: water, ice, hori-
zontally oriented ice crystals, and unknown. In November 2007, the CALIOP viewing
angle was increased from 0.3o to 3o off nadir to reduce specular signal returns from
clouds containing horizontally oriented ice crystals, which can result in uncertainties
of cloud phase retrievals. The angle change resulted in a decrease in the number of
clouds classified as horizontally-oriented ice. In this dissertation, we only consider
measurements at the 3o off-nadir angle.
Because the CALIPSO phase is not part of the AIRS phase determination
algorithm, it can serve as a powerful tool for assessment of the AIRS algorithm. In
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Figure 4.2, AIRS and CALIPSO showed different observing potentials due to the
large differences of spatial resolutions between the two instruments. We spatially
collocated one month (January) of CALIPSO 1-km cloud layer products and AIRS
L1B radiances data with AIRS surface footprints. The detailed collocation strategy
is introduced in the next chapter. As mentioned before, because an AIRS footprint is
about 15 km on the surface, the CALIPSO phase is reassigned within the AIRS foot-
print as ice, water, and mixed-phase. CALIPSO mixed-phase means that CALIPSO
retrievals of both water and ice are found within the collocated AIRS footprint.
4.3 Algorithm development
4.3.1 Radiative transfer model simulations
To detect cloud thermodynamic phase using high-spectral IR measurements, a
computationally efficient high-spectral-resolution cloudy-sky radiative transfer model
(HRTM, Wang et al. 2012) in the infrared region (700-1300 cm-1, 0.1 cm-1 spectral
resolution) has been used in this study. The model is sensitive to atmospheric pres-
sure and temperature profiles, cloud particle size, optical depth, and cloud phase.
The HRTM takes into accounts the gas absorptions by major atmospheric absorption
gases (i.e., H2O, CO2, O3, O2, CH4, CO, and N2O), spherical water droplets, and ice
cloud bulk single-scattering properties (Baum et al. 2007).
BT from 700 cm-1 to 1300 cm-1 are simulated for single-layered water and ice
clouds. Ice crystals and liquid water droplets have different absorption and scattering
properties in the infrared window region. Additionally, Nasiri and Kahn (2008)
demonstrate good phase sensitivity using channels at 1231 cm-1 and 960 cm-1. It is
important to point out that the high-level clouds and/or “upper” portion of opaque
clouds contribute significantly in AIRS measurements, therefore, the main objective
of the AIRS phase algorithm is to identify as many ice clouds as possible.
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Like many cloud-phase algorithms, a priori assumptions of relationships be-
tween cloud temperature and cloud phase have been made in this algorithm. A few
thresholds of BT and BTD are quantified, and four major tests are simultaneously
conducted to infer cloud phase:
1. The first test uses simulated BTs at 960 cm-1 (abbreviated as BT960). Pixels
with very cold BT960 are assumed to be ice. This works because the BT960 of
a cloudy scene is usually warmer than the cloud top temperature due to the
contributions to radiance from the atmosphere below the cloud and the surface.
Figure 4.3 shows the simulated BT960 as a function of particle effective diameter
and optical depth for ice and water clouds at different cloud top temperatures.
For simulated clouds with optical depth > 5, only ice clouds have BT960 less
than 235 K. Both water and ice clouds can have high BT960 even for optically
thin cirrus, thus a warm scene is assigned if a pixel has BT960 greater than 280
K. Therefore, detection of optically thin cirrus clouds will require criteria other
than BT960 threshold.
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Figure 4.3 HRTM simulated BT960 for ice (left panel) and water (right panel) clouds.
Tc: cloud top temperature. Dashed blue line: 235 K; Solid blue line: 280 K.
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2. The second test uses simulated BTD1231-960. If we only consider absorption at
these two channels, BTD1231-960 will always be positive. But for small parti-
cles (ice or water), scattering is important, thus BTD1231-960 can be negative.
Figure 4.4 shows simulated BTD1231-960. Water clouds typically have negative
BTD1231-960 (about -1 K). Only a small fraction of simulated water clouds show
positive BTD1231-960 for cloud optical depth less than 2. For clouds with low
to moderate optical depth, ice clouds with larger ice crystals show positive
BTD1231-960, whereas only opaque ice clouds with small ice particles have nega-
tive BTD1231-960 characteristics of water clouds. The cold ice test compensates
for this limitation, and should prevent many misclassifications of ice as water.
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Figure 4.4 HRTM simulated BTD1231-960 for ice (left panel) and water (right panel)
clouds. Tc: cloud top temperature. Dashed blue line: -1 K; Solid blue line: 0 K.
3. The third test uses simulated BTD between 1231 cm-1 and 930 cm-1 (abbrevi-
ated as BTD1231-930). Figure 4.5 shows that the BTD1231-930 is more sensitive
to optically thin ice clouds with small ice crystals compared to water clouds.
These features are capable of detecting ice clouds (BTD1231-930 > 1.75 K) with
ice crystal sizes that are small or large. Water clouds, on the other hand, gen-
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erally have BTD1231-930 less than -0.6 K. This is a weaker test compared to the
first water test.
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Figure 4.5 HRTM simulated BT1231-930 for ice (left panel) and water (right panel)
clouds. Tc: cloud top temperature. Dashed blue line: 235 K; Solid blue line: 280 K.
4. Additionally, the fourth test using simulated BTD1227-960 is also shown in Figure
4.6. This figure indicates similar features as Figure 4.3. The channel centered
at 1227 cm-1 has a weak water vapor absorption, and is helpful for finding
optically thin ice clouds with BTD1227-960 greater than - 0.5 K in the tropics.
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Figure 4.6 HRTM simulated BTD1227-960 for ice (left panel) and water (right panel)
clouds. Tc: cloud top temperature. Dashed blue line: -0.5 K.
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4.3.2 CALIPSO observations
The one-month spatially collocated CALIPSO phase dataset is investigated
and used to assess the sensitivities of the AIRS phase algorithm.
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Figure 4.7 Cumulative distribution function (CDF) for AIRS BT960 of spatially col-
located CALIPSO cloud phase of January 2009. Tropics: 25o S−25o N; Mid-latitude:
25o N(S)−60o N(S); High-laitude: 60o N(S)−90o N(S). Two solid vertical lines: 235
and 280 K.
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The basis for the cold cloud test is shown in Figs 4.7 and 4.8. Essentially, we
look for opaque cold clouds that have BT960 < 235 K. In Figure 4.7, nearly 40%,
25%, and 20% of CALIPSO’s ice phase can be identified with this BT test in tropics,
mid-latitude, and high-latitude, respectively. The fraction of ice clouds found by
this step alone decreases poleward due to decreasing tropopause height and less deep
convection. The lidar depolarization ratio and backscatter relationships shown in
Figure 4.8 indicate that this test does not misclassify water clouds as ice (Hu 2007;
Hu et al. 2009). Some optically thin cirrus clouds have BT960 > 280 K in the tropics,
and they cannot which cannot be identified solely by this test.
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Figure 4.8 Relationships between layer-integrated depolarization ratio and layer-
integrated attenuated backscatter at 532 nm for clouds with BT960 < 235 K (left)
and > 280 K (right) for the collocated CALIPSO and AIRS dataset of January 2009.
The application of the second test to AIRS data is demonstrated in Figs. 4.9
to 4.11. From Figs 4.9 and 4.10, we can see that most ice clouds have BTD1231-960
> 0 while water clouds have BTD1231-960 < 0. The peaks of the ice and water
probability distributions move left (more negative) as the tests move poleward. It
is evident that there are overlaps between the water and ice PDFs (Figure 4.9) and
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the joint histograms (Figure 4.10) within the range between - 1 and 0 K. Here, we
consider strongly positive (> 0 K) and negative values (< -1 K) of BTD1231-960 as
thresholds for ice and water. Similarly, the relationships between lidar depolarization
ratio and attenuated backscatter shown in Figure 4.11 indicate that this test barely
shows misclassification of both ice and water clouds. While the PDFs are not shown,
approximately 80%, 60%, and 40% of CALIPSO ice clouds in tropics, mid-latitudes,
and high-latitudes can be found using this test, respectively.
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Figure 4.9 Similar to Figure 4.7. Probability distribution for AIRS BTD1231-960 of
spatially collocated CALIPSO cloud phase of January 2009.
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Figure 4.10 Joint histograms of BT960 and BTD1231-960 for CALIPSO cloud phase of
January 2009. Ice: left; Water: middle; and Mixed-phase: right.
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Figure 4.11 Relationships between layer-integrated depolarization ratio and layer-
integrated attenuated backscatter at 532 nm for clouds with BTD1231-960 > 0 K (left)
and < -1 K (right) for the collocated CALIPSO and AIRS dataset of January 2009.
The effects of third ice and second water tests are displayed from Figs. 4.12
to 4.14. The distributions of BTD1231-930 in Figure 4.12 of ice and water are similar
to BTD1231-960, but the peaks are different. Although the shaded area between -
0.6 and 1.75 K shows some overlaps between CALIPSO water and ice, this BTD is
strongly correlated with BTD1231-960 in Figure 4.13, and only a very small number of
misclassification in the water and ice plots. For scenes classified as mixed-phase by
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CALIPSO, more mixed scenes are classified as water by this test than are classified
as ice. In practice, because of strong correlations with BTD1231-960 in Figure 4.13, it
is more useful for finding clouds that most likely are water. Thus, we consider these
two values as thresholds for water and ice. The layer-integrated backscatter at 532
nm and layer-integrated depolarization ratio relationships in Figure 4.14 also show
negligible amount of misclassification for water and ice.
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Figure 4.12 Similar to Figure 4.9. Probability distribution for AIRS BTD1231-930 of
spatially collocated CALIPSO cloud phase of January 2009.
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Figure 4.13 Similar to Figure 4.10. Joint histograms of BTD1231-960 and BTD1231-930
for CALIPSO cloud phase of January 2009. Ice: left; Water: middle; and Mixed-
phase: right.
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Figure 4.14 Similar to Figure 4.11. Relationships between layer-integrated depolar-
ization ratio and layer-integrated attenuated backscatter at 532 nm for clouds with
BTD1231-930 > 1.75 K (left) and < -0.6 K (right) for the collocated CALIPSO and
AIRS dataset of January 2009.
The last test is based on the BTD between 1227 cm-1 and 960 cm-1(BTD1227-960)
and is used to identify ice in the tropics. Kahn et al. (2011) used BTD (1231-1227
cm-1, BTD1231-1227) and BTD1231-960 to study the impacts of subpixel cloud hetero-
geneity on infrared thermodynamic phase assessment and showed a strong relation-
ship between BTD1231-1227 and total column water vapor. In Figure 4.10, a threshold
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of BTD1231-960 > -0.5 looked useful for finding many ice clouds, but there were prob-
lems with misidentification of water clouds as ice. The BTD1227-960 helps with that
ambiguity by essentially broadening the separation between ice and water (Figs 4.15
and 4.16), but at the expense of missing some optically thin ice clouds in the tropics
(not shown). The layer-integrated backscatter at 532 nm and layer-integrated depo-
larization ratio relationships in Figure 4.17 indicate that this test can be useful to
classify ice clouds.
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Figure 4.15 Similar to Figure 4.9. Probability distribution for AIRS BTD1227-960 of
spatially collocated CALIPSO cloud phase of January 2009.
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Figure 4.16 Similar to Figure 4.10. Joint histograms of BT960 and BTD1227-960 for
CALIPSO cloud phase of January 2009. Ice: left; Water: middle; and Mixed-phase:
right.
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Figure 4.17 Similar to Figure 4.11. Relationships between layer-integrated depolar-
ization ratio and layer-integrated attenuated backscatter at 532 nm for clouds with
BTD1227-960 > - 0.5 K (left) and ≤ -0.5 K (right) for the collocated CALIPSO and
AIRS dataset of January 2009.
4.3.3 Schematic view of the algorithm
Based on the discussions of the radiative transfer simulations and CALIPSO
observations in the previous two sections, the four potential tests appear promising
for determining cloud thermodynamic phase, − particularly for ice. Therefore, we
propose an AIRS cloud phase algorithm based on the four tests.
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The flowchart for the AIRS phase algorithm is illustrated in Figure 4.18. The
algorithm requires the following input data: AIRS L1B geolocated and calibrated
radiances, AIRS-retrieved effective cloud fraction (ECF), and surface emissivity near
the 8-µm region (Seemann et al. 2008). AIRS ECF is used as a proxy to determine
the presence of clouds in an AIRS footprint. The AIRS ECF is a convolution of both
cloud coverage and emissivity, unlike the traditional cloud mask, which represents
coverage only. Because the phase algorithm depends on channels 1231 cm-1 and 1227
cm-1, a spectral region especially sensitive to surface emissivity, no phase detection
is performed in desert regimes with emissivity values at 1231 cm-1 < 0.9 (Jin and
Liang 2006).
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on AIRS effective 
cloud fraction (> 1%) 
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Figure 4.18 Flow chat for AIRS cloud phase.
The individual test outputs provide a measure of confidence. The phase score
is a summation of ice and water tests, which can be simultaneously triggered in some
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circumstances, while the warm scene is only tested and not used in the final phase
determination. The algorithm has three possible cloud phase classifications: ice,
water, and unknown. The higher the positive value (1−4), the higher the confidence
the cloud is in the ice phase. Conversely, the lower the negative value (-1 or -2), the
higher the confidence the cloud is composed of water. The unknown category results
from no tests passing, or 1 or 2 positive tests each of ice and water. For instance, if
one ice test and one water test simultaneously pass, the AIRS phase algorithm calls
it unknown rather than ice or water. However, this situation occurs approximately
less than 1% of the time according to Nasiri et al. (2012).
4.4 Case studies
To illustrate the performance of the newly developed AIRS phase algorithm,
the algorithm is applied to two individual AIRS granules and compared to the
CALIPSO phase products. A more comprehensive evaluation process will be dis-
cussed in the next chapter.
Figure 4.19 shows AIRS and CALIPSO observations corresponding to the
0112 UTC January 1, 2009 AIRS granule over the southern Pacific Ocean. The BTs
for measured AIRS IR radiations at 960 cm-1 in Fig 4.19a show relatively low values
along the CALIPSO track, represented by a line through the AIRS granule, indicat-
ing the likelihood of the occurrence of ice clouds. The AIRS phase retrievals (Fig
4.19b) are also displayed for this granule with the color scale representing the cloud
phase scores. Figure 4.19c shows the cloud phase determination from CALIPSO
(bottom) and AIRS (top) along the CALIPSO track. The color map for AIRS in Fig
4.19c is the same as the one in Fig 4.19b. It is clear that both AIRS and CALIOP
identify the high clouds at approximately 10∼15 km from 45o to 29o S as ice phase.
Additionally, AIRS classifies CALIPSO liquid water clouds as unknown phase be-
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tween 50.5o and 47o S. Because CALIPSO has better phase sensitivity than AIRS,
if there is not enough spectral information in such classification, AIRS phase prefers
to call it unknown other than misclassification.
Figure 4.19 First case: the 12th AIRS granule and CALIPSO footprints at 0112 UTC
on January 1 2009. a) shows the brightness temperature at 960cm-1 from AIRS, and
the solid black line is the CALIPSO ground track; b) is the cloud phase scores from
AIRS. Positive values are ice, negative values are water, and 0 represents unknown;
c) is the cloud phase classification along the CALIPSO track. In c), the upper colors
represents AIRS phase, and lower colors are CALIPSO phase..
The second case shown in Figure 4.20 focuses on the 1936 UTC on January 12,
2007 AIRS granule. Three cloud types classified by CloudSat (not shown, Wang and
Sassen 2007) dominate this scene: cirrus, nimbostratus, and altostratus. Along the
CALIPSO track, AIRS ice phase agrees well with the CALIPSO ice phase between
27o and 30o N and between 33o and 40o N. The AIRS phase identifies the clouds
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as unknown phase rather than ice or water because there is not enough spectral
information between 40o and 42o N, whereas CALIPSO shows thin cirrus cloud (ice
phase) over mid-level water clouds.
Figure 4.20 Similar to Figure 4.11, but for the 196 granule at 1936 UTC on January
12 2007.
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5. EVALUATION OF AIRS CLOUD PHASE USING CALIPSO
OBSERVATIONS AND THERMODYNAMIC PHASE OF MID-LEVEL
CLOUDS
5.1 Introduction
In the last chapter, we introduced a new cloud thermodynamic phase deter-
mination algorithm using the high spectral resolution IR radiances from AIRS. To
make use of the AIRS phase algorithm operational, we will need a more comprehen-
sive evaluation to quantify the high-spectral IR cloud phase assessments.
A proper assessment of AIRS cloud phase retrievals requires comparisons with
independent datasets of well-characterized measurements having global coverage and,
preferably, vertical profiling. The CALIOP instrument on the CALIPSO payload
can measure cloud vertical profiles and provide a 3D view of the ice and water
distributions in clouds, which is useful for the evaluation of IR based cloud phase
retrievals. Cho et al. (2009) demonstrated the usefulness of CALIPSO cloud phase
retrievals to evaluate the MODIS C5 bi-spectral IR phase. A recent study by Nasiri
and Kahn (2008) using radiative transfer model simulations showed a number of
limitations of the MODIS C5 bi-spectral IR phase: 1) MODIS to classify optically
thin cirrus as water clouds, mixed, or unknown; 2) opaque ice clouds composed of
small particles to be classified as water clouds; 3) mid-level (approximately 4-7 km) or
mid-temperature (between 250 and 265 K) water or ice clouds would be classified as
mixed-phase or unknown. Cho et al. (2009) supported several hypotheses presented
by Nasiri and Kahn (2008).
In this chapter, we conduct an evaluation of the AIRS cloud phase retrievals
using the CALIPSO cloud phase product. The comparisons between the AIRS and
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CALIPSO are made for a year (December 2007-November 2008). Cho et al. (2009)
focused primarily on single-layer clouds. However, as discussed in chapter 2 and
3, overlapping clouds occur frequently over the globe (Poore et al. 1995; Wang et
al. 2000; Li et al. 2011; Subrahmanyam and Kumar 2011). Additionally, hetero-
geneous clouds are also often observed globally and can have significant impacts on
cloud phase assessments (Kahn et al. 2011). Therefore, we first choose three cloud
configurations as single-layer, heterogeneous, and multi-layer cloud regimes within
the AIRS footprints, respectively. The methodology for determining these scenes
is presented and discussed later in this chapter. The robustness of the AIRS phase
approach is then evaluated with respect to the single-layer, heterogeneous, and multi-
layer cloud scenes. We will address that whether the AIRS cloud phase approach
can improve the IR-based cloud phase retrievals, especially for optically thin cirrus
and clouds in the mid-temperature.
The second major objective of this dissertation is to quantitatively character-
ize the thermodynamic phase of mid-level clouds. We have discussed that the use
of the ISCCP convention of mid-level clouds occurring between 680 and 440 hPa
is more appropriate for global studies than the cloud-base definition often used in
ground-based studies. In this chapter, we investigate the phrase of mid-level clouds
as defined by both the ISCCP cloud top pressure and the cloud-top height definitions
of the mid-level.
5.2 Data and methodology
In the CALIPSO version 3 Level 2 1-km cloud layer products, up to ten cloud
layers are profiled vertically. A “Cloud layer” means that there are signal returns
from both the top and base boundaries of the cloud feature, as well as separations
of “clear air” from other layers. The spatial, optical, and phase characteristics of
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each cloud layer are reported including layer base and top altitudes, layer-integrated
attenuated backscatter at 532 nm, layer-integrated volume depolarization ratio, and
cloud top temperature and pressure. The cloud top temperature and pressure are
derived at the top of the each vertical layer based upon the version 5 GEOS data
product provided to the CALIPSO project by the NASA GMAO Data Assimilation
System. To avoid breaking up the vertically continuous cloud features sometimes
observed in the CALIPSO products, we combine cloud layers that have vertical
separation of less than 400 m and treat them as a single layer following the approach
in Cho et al. (2009). Figure 5.1 shows an example of the separation distances
between multiple cloud layers from CALIPSO for 2008. Only a fairly small fraction
of the multi-layer cloud profiles have a vertical separation of less than 400 m, and
the vast majority of cloud layers are well separated.
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Figure 5.1 Separation distance between adjacent layers in the CALIPSO 1km cloud-
layer product for 2008. The bottom panel shows the cumulative distribution function
(CDF) of the histogram.
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CALIPSO cloud phase products (version 3.01) are used to evaluate and assess
the AIRS cloud phase algorithm we have developed in chapter 4. One of the main
limitations of CALIPSO is that the lidar cannot penetrate clouds with visible optical
depth greater than about 3, thus the vertical profiles are incomplete in thick clouds
due to strong lidar return-signal attenuation. Therefore, CALIPSO is much more
sensitive to the presence of optically thin clouds, and can typically provide vertical
information of a cloud by penetrating through thin cirrus and the tops of opaque
clouds.
It is important to point out that only the topmost layer within the multi-layer
cloud scenes is included in the collocated AIRS and CALIPSO dataset. In chapter
2 and 3, we showed that the bottom layer within the multi-layer cloud systems also
contributes significantly in the mid-level clouds amounts. Therefore, an extra dataset
accounting for cloud phase of the multi-layer cloud scenes (top+bottom) is necessary
to address the cloud phase information of mid-level clouds. In this study, we include
an independent dataset of only CALIPSO 5-km cloud phase product for the same
time period. This independent dataset reports cloud phase for two cloud layers.
5.2.1 AIRS/CALIOP collocation strategy
The CALIPSO cloud product that we are using has a horizontal resolution of
1 km which is enough to resolve many common cloud systems. As CALIPSO only
makes nadir measurements, its track passes through the central part of the AIRS
swath. An example of coincident AIRS and CALIPSO observations is shown in
Figure 4.2, and a typical AIRS FOV ( 15 km) will fall into one of three cloud cover
categories: 1): clear sky; 2) partially overcast; 3): completely cloudy. Along the
CALIPSO track, up to 15 CALIPSO phase retrievals may fall within one AIRS FOV
(Figure 5.2). The coincident observations between AIRS and CALIPSO are spatially
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collocated using a nearest neighbor approach. The collocation criteria adopted here
requires that the distance between the center of an AIRS FOV (assumed to be a
circle, Figure 5.2) and CALIPSO pixels is less than 7.5 km.
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Figure 5.2 A zoomed in view of AIRS and CALIPSO obsevations. AIRS: grey dot;
CALIPSO: black dot.
Since this study targets cloud phase, the clear sky scenes are ignored if there
are no cloud layers found by the CALIPSO within the AIRS FOV. The cloudy match-
ups are separated into three categories: single-layer, heterogeneous, and multi-layer
scenes. We define single-layer cloud scenes to be those AIRS FOVs contain more
than ten CALIPSO cloudy pixels with each CALIPSO pixel having only one cloud
layer. Multi-layer cloud scenes, on the other hand, also containing more than ten
CALIPSO cloudy pixels, but each CALIPSO pixel has at least two cloud layers.
Heterogeneous scenes are defined as having 3−10 CALIPSO cloudy pixels within the
AIRS FOV. The heterogeneous scenes have more difficulty in the assessment of cloud
phase than homogeneous cloud scenes (Kahn et al. 2011).
Two assumptions have been made for the three cloudy scenes: 1) a cloudy
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CALIPSO 1-km cloud layer retrieval is assumed to be horizontally homogeneous;
2) the limited number of CALIPSO cloud retrievals is a statistically representative
sub-sample of the AIRS FOV (Kahn et al., 2008). One caveat here is that, in some
circumstances, AIRS considers the corresponding FOV as clear even though a number
of cloudy CALIPSO pixels are identified. For example, contrails can be horizontally
distributed along the CALIPSO track, and because the AIRS ECF may be less than
1%, the AIRS FOV is treated as clear sky and is not included in the statistics that
follow.
Table 5.1 Number of collocated AIRS FOVs in different latitude zones for single-layer,
heterogeneous, and multi-layer clouds for 2008.
Total Tropical Mid-latitude High-latitude
(25oS-250oN) (25-60oS, 25-60oN) (60-90oS, 60-90oN)
Single-layer 2,379,807 459,400 1,057,129 863,278
(19.3%) (44.4%) (36.3%)
Heterogeneous 2,249,974 636,046 928,819 685,109
(28.3%) (41.3%) (30.4%)
Multi-layer 274,964 51,871 120,024 103,069
(18.8%) (43.7%) (37.5%)
Table 5.1 lists the sample sizes of collocated AIRS FOVs for the entire globe,
and for different latitude bands (tropics: 25o N−25o S; mid-latitude: 25o−60o N and
S; high-latitude: 60o−90o N and S). Approximately 19.3%, 44.4%, and 36.3% of the
single-layer clouds are likely to occur in the tropics, mid-latitudes, and high-latitudes,
respectively. Heterogeneous scenes, on the other hand, occur 23.8%, 41.3% and 30.5%
from low-latitude to high-latitudes. Multi-layer cloud scenes are approximately 10%
of the single-layer clouds, and shows similar frequency of occurrence as the single-
layer clouds when moving from tropics towards polar regions. The heterogeneous
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clouds dominate the statistics in the Tropics, but cloud phase discrimination is a
much less ambiguous problem at low latitudes.
Because multiple CALIPSO phase retrievals occur within an AIRS FOV, it
is possible for more than one CALIPSO phase to correspond to a single AIRS phase
retrieval. In the 1-km CALIPSO cloud phase products, ice (randomly-oriented),
water, horizontally-oriented ice crystals, and unknown phases are reported. If all of
the selected CALIPSO pixels have one phase (i.e., ice or water), the CALIPSO phase
category is straightforward. When the AIRS FOV has different cloud phases (i.e.,
both ice and water are found simultaneously), we refer to the collocated CALIPSO
phase as “mixed-phase”. This mixed-phase category is over the AIRS FOV, rather
than at the 1-km CALIPSO pixel-scale. The CALIPSO quantities such as layer
top/base altitudes and cloud top temperature/pressure are averaged within the AIRS
FOV for single-layer scenes, whereas the uppermost layer for heterogeneous scenes
and multi-layer scenes are used.
Additionally, no cloud-height or AIRS zenith angle correction is made herein,
and it is possible that small collocation errors and scan angle biases are introduced.
Cho et al. (2009) estimated that for MODIS and CALIPSO collocations, the errors
would be small for low clouds, but in some circumstances could be up to 5 km for
cirrus clouds. Kahn et al. (2011) quantify phase BTD sensitivities to scan angle
and show that ice and water clouds are affected in different and non-intuitive ways,
suggesting no easy implementation or fix for scan angle dependence, which therefore
warrants further investigation.
5.3 Evaluation of AIRS phase
Table 5.1 shows that the number of collocated AIRS FOVs for one year (De-
cember 2007-November 2008) was approximately 5 million in total, and single-layer,
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heterogeneous, and multi-layer scenes accounted for approximately 48.5%, 45.9%,
and 5.6% of those FOVs, respectively. The joint histograms in Fig. 5.3 show the
global distributions of the corresponding cloudy scenes. Figure 5.3a is the number
density of the total cloudy scenarios, whereas Figs. 5.3b−5.3d indicate the relative
fractions of occurrence for single-layer, heterogeneous, and multi-layer cases. The
high frequencies of heterogeneous clouds mainly occur in the tropical region. The
low fractions of single-layer scenes in Fig. 5.3b correspond to the high values of
Fig 5.3c, with relatively high frequencies of occurrence of 40%-60% in the mid and
high latitude regions. In the case of multi-layer clouds, the magnitude of frequency
decreases notably by about a factor of two compared to single-layer and heteroge-
neous clouds. The multi-layer clouds occur most frequently in the tropics and mid
latitudes, demonstrating a similar pattern to Figure 2.1.
Figure 5.3 The joint histogram of global distributions of cloudy scenes for one year
of collocated AIRS and CALIPSO observations. The grid size is 5ox5o. a) shows
the number density of the total cloud scenarios (single-layer+heterogeneous+multi-
layer). The other figures show the fraction of cloudy data within each grid that
match the single-layer (b), heterogeneous (c), and multi-layer (d) for each grid cell,
and the sum of b), c), and d) equals to 1. The color ranges for b) and c) are the
same from 0 to 1, whereas the color scale for d) is from 0 to 0.18.
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Table 5.2 Cloud phase of AIRS and CALIOP for single, heterogeneous, and multi-
layer clouds for 2008. Percentage represents the faction of each cloud phase category
of AIRS or CALIPSO.
Ice Water Mixed Unknown
Single-layer AIRS 800,489 522,283 1,057,035
(33.64%) (21.95%) (44.41%)
CALIPSO 868,103 1,077,638 434,066
(36.48%) (45.28%) (18.24%)
Heterogeneous AIRS 738,196 409,183 1,102,595
(32.81%) (18.19%) (49.00%)
CALIPSO 601,999 1,011,031 630,944
(26.76%) (44.94%) (28.31%)
Multi-layer AIRS 162,865 11,660 100,439
(59.23%) (4.24%) (36.53%)
CALIPSO 65,103 16,711 193,150
(23.68%) (6.08%) (70.25%)
Table 5.2 summarizes the cloud phase statistics of AIRS and CALIPSO. The
CALIPSO phase used here for heterogeneous and multi-layer clouds are from the
uppermost layer. In general, CALIPSO classified more clouds as water clouds than
AIRS in the three cloudy scenarios. AIRS and CALIPSO classified comparable
numbers of ice clouds in the single-layer and heterogeneous scenes, while in the
multi-layer cases, AIRS classified twice as many clouds as ice phase than CALIPSO.
We now compare collocated AIRS and CALIPSO phase retrievals by latitude,
BT at 1231 cm-1 (abbreviated as BT1231), and cloud top temperature (CTT). Here
in the comparisons, we focus on the channel 1231 cm-1 because this channel has low
channel noise and the atmosphere is relatively transparent. Figures 5.4 to 5.8 show
the comparisons for single-layer, heterogeneous, and multi-layer scenes, respectively.
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Figure 5.6 The relative zonal frequencies of AIRS (solid) and CALIOP (dashed)
cloud phases. a) single-layer; b) heterogeneous; c) multi-layer.
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Figure 5.7 Distributions of AIRS (solid) and CALIOP (dashed) cloud phases as a
function of BT at 1231 cm-1. The yellow shaded area represents the BT between 250
and 265 K. a) single-layer; b) heterogeneous; c) multi-layer.
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Figure 5.8 Similar to Figure 5.6, but as a function of cloud top temperature from
CALIPSO.
5.3.1 Single-layer scene
First, we consider the scenes classified as single-layer clouds. As indicated in
Table 5.2, AIRS and CALIPSO observe similar numbers of ice clouds, with AIRS
lower than CALIPSO by about 3%. AIRS observes many fewer water clouds than
CALIPSO, and approximately 50% of CALIPSO water cases fall into the AIRS
unknown category. The phase sensitivity to liquid water is less than that to ice,
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and this shows consistency with the radiative transfer model simulations in the last
chapter.
The CALIPSO phase retrievals for each retrieved AIRS cloud phase are dis-
played in Fig. 5.4a. AIRS phase is shown on the x-axis, while the vertical bars repre-
sent the CALIPSO phases that fall within each category of AIRS phase. Of all the ice
clouds detected by AIRS that are single-layered according to CALIPSO, CALIPSO
classifies 93.18% as ice (either randomly or horizontally oriented ice crystals), 0.79%
as water clouds, and 6% as mixed-phase clouds. Recall that our CALIPSO mixed-
phase category is defined as an AIRS FOV containing CALIPSO retrievals of both
ice and water. Therefore, when AIRS classifies pixels as ice clouds, up to 99% of
single-layer cases are determined by CALIPSO as containing either some or all ice.
For AIRS water, CALIPSO assigns a small portion (about 0.24%) as ice. Over 99%
of the water clouds determined by AIRS contain either some or all water deter-
mined by CALIPSO. The false alarm rate for ice and water is negligible. However,
the AIRS “unknown” category is a mixture of cloud types. CALIPSO categorizes
about 10%, 60%, and 30% of all AIRS single-layer, unknown pixels as ice, water and
mixed-phase, respectively.
Similar to Fig. 5.4a, the AIRS phase retrievals for each retrieved CALIPSO
phase category are shown in Fig. 5.5a. AIRS identifies ice in 86% of all CALIPSO
single-layer ice detections and a negligible number (0.15%) are called water. For
CALIPSO water, only 0.58% are classified as ice by AIRS, and the remaining major-
ity (∼60%) are identified as unknown by AIRS. With regard to CALIPSO single-layer
mixed-phase clouds, AIRS identifies approximately 65% of the pixels as unknown.
Fig. 5.6a shows the zonally averaged frequencies of AIRS and CALIPSO
cloud phase for single-layer clouds. Ice clouds are the most frequent cloud type in
the tropics according to both AIRS and CALIPSO, and the comparisons for all phase
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categories are in the best agreement for low and mid-latitudes. CALIPSO reports
slightly larger frequencies than AIRS from 10o N to 30o N where optically thin cirrus
is prevalent. The largest ice cloud discrepancies are in the high latitudes of the
southern hemisphere, likely due to the complexity of the polar atmosphere. In the
ISCCP dataset, the polar cloud frequencies have the largest uncertainties (Rossow
et al. 1993). The AIRS water frequencies generally track changes in the CALIPSO
water zonal averages. Although the AIRS water frequency is on the order of a factor
of two less than CALIPSO, this difference is somewhat higher (lower) in the SH
(NH). Similarly, the AIRS unknown frequency is higher (lower) in the SH (NH).
Previous studies showed that the AIRS channel 1231cm-1 has good cloud
phase sensitivity with minimum effects of absorption lines and channel noise (Nasiri
and Kahn 2008; Kahn et al. 2011). Cloud top temperature is also closely related
to the cloud phase. Figures 5.7a and 5.8a further break up the phase comparisons
as a function of BT1231 and CTT. Good agreement between AIRS and CALIOP
is found even in the difficult to characterize mid-temperature range (250-265K).
Clearly, the AIRS IR algorithm is able to observe a preponderance of optically thin
ice clouds (BT1231 > 270K), with similar frequencies of occurrence for CALIPSO.
Slightly greater differences between AIRS and CALIPSO ice clouds are attributed
to cold ice clouds in high latitudes. As shown before, AIRS classifies a much lower
percentage of water clouds compared to CALIPSO, with bigger discrepancies in warm
low-latitudes where AIRS is expected to be especially challenged due to the lack of
thermal contrast in boundary layer clouds. These results show that when AIRS is not
able to determine the correct phase, it tends to identify it as unknown, rather than
misclassify it. This is entirely consistent with a lack of a strong spectral signature of
thermodynamic phase.
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5.3.2 Heterogeneous scenes
The spatial distributions of clouds within the AIRS FOV will contribute to the
behavior of the cloud thermodynamic phase discrimination. Kahn et al. (2011) used
AIRS and MODIS observations to show the impacts of subpixel cloud heterogeneity
on IR thermodynamic phase assessment. They reported that the two-dimensional
histograms of BTD1231-960 and BTD1231-1227, which are sensitive to cloud phase and
column water vapor, show distinctly different signatures for homogeneous and het-
erogeneous clouds. Even though their study did not include AIRS and CALIPSO
datasets, the results are probably transferable in these cases. AIRS and CALIPSO
cloud phase for heterogeneous clouds are also shown in Table 5.2. The percentages
listed for single-layer and heterogeneous scenes are comparable in the case of AIRS,
although there is a slight reduction in liquid and ice, and a corresponding increase in
unknown by 4.5%. The differences for CALIPSO for single-layer and heterogeneous
cases are somewhat more striking. A large reduction in ice clouds is observed and
an increase in mixed-phase clouds is observed compared to the single-layer clouds,
with nearly zero change in water amount. This is unsurprising as more mixed-phase
clouds are expected from CALIPSO in heterogeneous clouds compared to single-
layered homogeneous clouds. However, the small changes in AIRS are dominated by
water, and the larger changes in CALIPSO are dominated by ice.
The impacts of spatial heterogeneity on cloud phase are presented in the
second panels in Figs. 5.4 through 5.8. The cloud layering and lack of spatial
uniformity complicate the interpretation of heterogeneous scenes compared to single-
layer cases. For instance, ice clouds observed by AIRS could be contaminated by
mid- or low-level clouds that muddle the spectral signature of ice. In Fig. 5.4b, the
frequency of pixels for which both AIRS and CALIPSO determine to be ice phase
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decreases by about 30%. The detected CALIPSO mixed-phase increases from 6% in
Fig. 5.4a to 31% in Fig. 5.4b. Since the CALIPSO mixed-phase clouds contain both
ice and water, and the AIRS IR algorithm is most sensitive to ice, AIRS detects over
93% partial or total ice cloud by CALIPSO. For the remaining 6.15% of CALIPSO
water pixels, this result may be consistent with the off-track presence of clouds within
the AIRS FOV (Kahn et al., 2008). AIRS water and unknown categories similarly
compare to CALIPSO as in the case of single-layer clouds. In Fig. 5.5b, 77.27% of
the CALIPSO ice pixels are identified as AIRS ice, a decreases of 8.7% compared to
single-layer scenes. It is advantageous that only 0.76% of CALIPSO ice is classified
as AIRS water. Similar to Fig. 5.4a and Fig. 5.5a, the AIRS algorithm provides
very few false alarms and generally classifies difficult to observe clouds as unknown
phase, given a lack of a prominent spectral sensitivity to the cloud.
The zonal distributions for heterogeneous scenes in Fig. 5.6b show somewhat
larger differences between AIRS and CALIPSO than in Fig. 5.6a for single-layer
scenes. The dominant AIRS phase is unknown, and AIRS ice is about 5%∼10%
higher than water in the NH. These features highlight the difficulties of determining
the phase of heterogeneous clouds (Kahn et al. 2011). AIRS ice detection peaks in
the tropics and shows very good agreement with the sum of CALIPSO ice and mixed-
phase at most low latitudes. For mid- and high-latitudes, a larger offset of AIRS ice
is compensated by an increasingly larger portion of pixels falling into the unknown
category. The BT and CTT peaks of ice clouds shift slightly in Fig. 5.7b and
Fig. 5.8b when compared to single-layer cases. Furthermore, the mid-temperature
between 250 and 265 K peaks in the unknown, water and mixed phase are greatly
reduced in Figs. 5.7b and 5.8b, demonstrating that the heterogeneous clouds are
more dominated by low-latitude, low altitude boundary layer clouds as described in
Kahn et al. (2011). AIRS unknown is the most frequent phase across the entire
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temperature range. The AIRS algorithm is capable of finding heterogeneous ice in
the mid-temperature range and also optically thin ice, but the magnitude is lower
compared to single-layered cloud due to the increased occurrence of unknown phase.
5.3.3 Multi-layer scenes
The assessment of cloud phase for multi-layer scenes is also very challenging.
Most of the cloud phase signal originates from the top layer of a given multi-layer
cloud regime. We use the CALIPSO cloud phase for the uppermost layer in this
section. The statistics for multi-layer clouds are also shown in Table 5.1 and Table
5.2. The fraction of these clouds is similar to the single-layer in the three latitudinal
regions with a significant reduction of over 85% of the total amount. AIRS observes
more ice phase compared with single-layer and heterogeneous cases, increasing by
over 25%. However, CALIPSO identifies that only 24% of the total amount of ice
over water cloud systems is pure ice, which is much lower than AIRS. On the other
hand, AIRS and CALIPSO classify a similar amount of water clouds, 4% and 6%,
respectively.
The comparisons of CALIOP and AIRS phase retrievals for multi-layer clouds
are presented in the third panels in Figs 5.4 through 5.8. The fraction of the pixels for
which both AIRS and CALIPSO classify as ice is 31% in Fig 5.4c, decreasing by ap-
proximately 30% compared to heterogeneous scenes. The corresponding CALIPSO
mixed-phase reaches as high as 65% of the total AIRS ice category. Again, AIRS is
able to detect over 95% of the CALIPSO-detected ice phase. Compared to single-
layer and heterogeneous clouds, AIRS observes relatively fewer water pixels than ice
and unknown in the multi-layer cloud systems. A significant increase of CALIPSO
mixed-phase is shown in the AIRS unknown category, implying the increase of com-
plexity of clouds. When a low water cloud resides underneath optically thin cirrus or
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within the AIRS FOV to the side of a cirrus cloud, the cloud will exhibit signatures
more consistent with a mixed-phase cloud. In Fig 5.5c, AIRS determines a compara-
ble amount of pure ice in the CALIPSO ice phase in comparison with heterogeneous
scenes. About 55% of CALIPSO mixed-phase is classified as ice phase by AIRS. The
percentage is 44% and 19% higher than single-layer and heterogeneous clouds.
The zonal frequencies in Fig. 5.6c show more differences between AIRS and
CALIPSO than Figs. 5.6a and 5.6b. Overall, CALIPSO phases have larger variations
than AIRS. Of all the cloud phases, CALIPSO mixed-phase and AIRS ice are the
most frequent phases in all latitudes. The magnitude of frequency of CALIPSO ice is
much lower than AIRS ice, due to a significant amount of these pixels being classified
as CALIPSO mixed-phase. Both AIRS water and CALIPSO water show less than
20% of frequency of occurrence with CALIPSO higher than AIRS in the tropical
regions.
A unique feature of the BT and CTT distributions of AIRS and CALIPSO
cloud phases for multi-layer scenes is the “single mode” compared to single-layer and
heterogeneous clouds in Figs 5.7c and 5.8c. More overlaps of AIRS and CALIPSO
phases are found, implying the difficulties in cloud phase assessment when cloud sys-
tems become more complicated. The main peaks overlapping with the shaded mid-
temperature in Fig. 5.7c results in a large amount of AIRS unknown and CALIPSO
mixed-phase. In Fig 5.8c, the CTT for multi-layer clouds are shown less than about
-15oC, with a majority of these pixels below -35oC. AIRS ice has a similar pattern
as CALIPSO mixed-phase with lower magnitude between about -50oC and -20oC.
Even though CALIPSO determines a significant amount of mixed-phase due to the
contamination from the low water clouds, the low temperature indicates that ice oc-
cupies a tremendous portion of CALIPSO mixed-phase. AIRS determines a notable
amount of pixels as water with temperatures as low as -30oC.
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5.3.4 All cloudy scenes
The joint histograms of cloud top height and temperature for AIRS and
CALIPSO cloud phase are presented in Figure 5.9. The frequency here refers to
the ratio between the number of individual cloud phase to the total number of cloud
phases in each bin. It important to note that the CALIPSO phase algorithm also
includes cloud temperature as a second order input (Hu et al. 2009).
Figure 5.9 Joint histograms of AIRS and CALIPSO cloud phase frequencies as a
function of cloud top height and cloud top temperature from CALIPSO.
The CALIPSO ice has similar frequencies with AIRS ice except below 5 km.
These differences essentially exist in high-latitudes (not shown). Also, Shupe et al.
(2011) found that at heights up to 11 km, cloud ice can occur 60%-70% of the time of
a given year in the Arctic region. A large number of ice clouds occur at temperature
below about -30oC and above 5 km in tropics and mid-latitudes (not shown). It is
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clear that only a small fraction (< 1%) of the observed cloudiness is solely ice phase
within the cloud top temperature range from -30oC to 0oC. Due to less sensitivity
to liquid water, the frequency of AIRS water decreases dramatically compared to
CALIPSO water with significant amounts falling into the AIRS unknown category.
Figure 5.10 Global distributions of AIRS and CALIOP phases. a)-c): AIRS phase;
d)-e): CALIOP phase. The frequency calculation is the same as Figure 5.2, but the
size of grid box is 2.5ox2.5o. The frequency is not the real “frequency”; rather, it
represents the fraction of each cloud phase within one grid box.
Global frequency maps of the AIRS and CALIOP phase retrievals are shown
in Fig. 5.10. For the ice phase, AIRS and CALIOP show similar patterns, capturing
ice clouds in the tropical region (particularly the Tropical Western Pacific) and storm
tracks. AIRS shows a slightly higher frequency of ice than CALIOP due to the mixed-
phase category. The major discrepancies are in high-latitudes. AIRS water generally
follows the pattern of CALIOP water, however, the magnitude decreases by a factor
of two. From Figs. 5.4 and 5.5, we know that approximately 10% and 60% of ice and
water clouds are categorized as unknown phase. In Fig 5.10c, the high frequency in
the Arctic region indicates potential mixed-phase or ice clouds, and over the oceans
in the southern hemisphere, it shows potential stratocumulus cloud regimes.
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5.4 Thermodynamic phase of mid-level clouds
AIRS and CALIPSO cloud phase frequencies for each of the ISCCP cloud
levels are shown in Figure 5.11. The top panel shows the total of all of total cloudy
scenes (single-layer+heterogeneous+multi-layer) for each of the three levels. At high-
level, ice clouds are the major components, whereas only a small amount of AIRS
water and CALIPSO water exists for about 5% and 2%. It is notable that AIRS
unknown and CALIPSO mixed-phase occur about 20% and 27% of the time in the
high-level. The current ISCCP climatology treats all high-level clouds above 440
hPa as ice (Rossow and Schiffer 1999). The fraction of non-ice phase suggests that
the ISCCP threshold (440 hPa) to distinguish high- and mid-level clouds might need
to be slightly adjusted. At the mid-level, ice, water, and mixed-phase clouds are
approximately 20%, 40%, and 40%, respectively. The mixed-phase fraction is much
lower than Zhang et al. (2010) found, when using CALIPSO and CloudSat to inves-
tigate mid-level liquid-layer topped stratiform clouds. They reported global mean
mixed-phase to be about 61.8% within the mid-level liquid-layer topped stratiform
clouds. Zhang et al. (2010) also found that approximately 12.4% of the mid-level
liquid-layer topped stratiform clouds were super-cooled. The differences between
our study and Zhang et al. (2010) are likely due to the different definitions used
for mid-level clouds. Liquid water cloud is the most common cloud phase at low
level, whereas both AIRS and CALIOP show infrequent pure ice phase (less than
2%). We also look at the cloud phase with height distribution for our single-layer,
heterogeneous, and multi-layer categories. For the mid level, both ice and water
phases decrease from Figs. 5.11b to 5.11d with obvious increases in the CALIPSO
mixed-phase and AIRS unknown, which can lead to more uncertainties in the cloud
property retrievals and cloud radiative effects.
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Figure 5.11 CALIPSO and AIRS cloud phase for clouds at different levels defined by
the ISCCP definition.
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Figure 5.12 CALIPSO and AIRS cloud phase for clouds at different levels defined by
the cloud-top definition.
The AIRS and CALIPSO cloud phase frequencies for high-, mid-, and low-
level using the cloud-top height definition are shown in Figure 5.12. For the total
cloud category, the phase distributions for high-level and low-level clouds are similar
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to those see with the ISCCP cloud-top pressure definition in Figure 5.11. With
respect to the mid-level, ice, water, and mixed-phase clouds account roughly for
27%, 34%, and 38%, respectively. The fraction of ice for both AIRS and CALIPSO
increases by about 7%, while the fraction of liquid water phase decreases by roughly
4%. Regarding each investigation in the single-layer, homogeneous, and multi-layer
cases, the ice and water phases also decrease from Figs 5.12b to 5.12d and have
higher fractions than seen in Figs 5.11b-5.11d.
In Figure 5.11d and Figure 5.12d, only the topmost layer within the multi-layer
cloud scenes are used. When the bottom layers are included, the number of mid-
level clouds will increase significantly (Figure 3.1). In Figure 5.13, the independent
dataset of CALIPSO 5-km cloud phase product for the same time period (December
2007-November 2008) is used to show information similar to that in Figs. 5.11d and
5.12d for multi-layer cloud scenes. The upper colored bars in each panel are for the
top layer within the multi-layer clouds, and the lower bars with filled shapes are for
the bottom layer. It is clear that the bottom layer contains a large amount of mid-
level clouds, which also supports the statement that we have to include multi-layer
clouds in the analysis of mid-level clouds. The fractions of ice and water increase
significantly compared to Figures 5.11d and 5.12d.
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Figure 5.13 CALIPSO 5-km cloud phase (December 2007-Novermber 2008) for multi-
layer clouds at different levels. a) uses the ISCCP cloud top pressure definition, and
b) uses the cloud-top height definition. Upper colored bars: top layer; lower bars:
bottom layer.
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Spatial distributions and frequencies of cloud phase can significantly impact
the Earth’s radiation budget (Ackerman et al. 1988, Hartmann et al. 1992; Yang
et al. 2003; McFarquhar and Cober 2004). Tables 5.3 to 5.5 show the fractional
cloud phase statistics of mid-level clouds for different latitudinal bands (tropics:
30o N−30o S; mid-latitude: 30o−60oN(S); high-latitude: 60o−90o N(S)) using AIRS
and CALIPSO. In Table 5.3, the statistics clearly show that, if we keep the upper
boundary (440 hPa), the numbers of ice phase change slightly by 2-5% globally of
the mid-level ice clouds classified by the ISCCP definition of mid-level. Moreover, if
we fix the bottom boundary (680 hPa), the numbers of mid-level ice change greatly
by 10-30% globally with respect to the values between 680 and 440 hPa. Conversely,
if the bottom boundary is fixed, the water clouds vary by 3-7% of the mid-level
water between 680 and 440 hPa, whereas the variations are approximately 10-14%
if the upper 440 hPa is kept. Correspondingly, the CALIPSO mixed-phase and
AIRS unknown within the mid-level clouds changes approximately 2-15% globally.
While not shown, the CALIPSO mixed-phase has the highest values (∼48%) in the
mid-latitudes and lowest values (∼34%) in the tropics. Mid-level CALIPSO ice is
approximately 1%, 13%, and 30% and mid-level CALIPSO water accounts for about
65%, 40%, 30% from tropics to polar regions. The results are somewhat different
from the previous studies due to different focuses. Zhang et al. (2010) found that the
mixed-phase fraction of mid-level cloud is about 35%-75% between the temperatures
of -7oC and -16oC in the tropics. Choi et al. (2010) report that the clouds that
contain liquid water ranges from 25% to 75% at -20oC throughout the tropics. While
focusing on clouds in the Arctic regions, Shupe (2011) found that ice clouds occur
60%-70% and liquid water clouds occur 30%-60% of the time of a typical year.
110
T
ab
le
5.
4
S
im
il
ar
to
T
ab
le
5.
3,
b
u
t
fo
r
C
A
L
IP
S
O
w
at
er
an
d
A
IR
S
w
at
er
p
h
as
e.
C
A
L
IP
S
O
W
a
te
r
A
IR
S
W
a
te
r
C
T
P
(h
P
a
)
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
4
2
0
−6
6
0
-9
.1
%
-5
.0
%
-7
.5
%
-1
3
.3
%
-8
.4
%
-3
.0
%
-7
.0
%
-1
1
.2
%
4
2
0
−6
8
0
3
.7
%
6
.6
%
4
.4
%
1
.1
%
3
.3
%
7
.4
%
4
.1
%
1
.4
%
4
2
0
−7
0
0
1
7
.8
%
2
0
.0
%
1
7
.4
%
1
6
.5
%
1
5
.6
%
1
9
.3
%
1
5
.7
%
1
4
.4
%
4
4
0
−6
6
0
-1
2
.8
%
-1
1
.6
%
-1
1
.8
%
-1
4
.4
%
-1
1
.7
%
-1
0
.4
%
-1
1
.2
%
-1
2
.6
%
4
4
0
−6
8
0
3
1
5
,7
6
6
8
5
,5
9
7
1
0
6
,4
2
3
1
2
3
,7
4
6
1
9
9
,2
3
9
3
1
,3
1
6
7
3
,5
5
2
9
4
,3
7
1
4
4
0
−7
0
0
1
4
.1
%
1
3
.5
%
1
3
.0
%
1
5
.4
%
1
2
.3
%
1
2
.0
%
1
1
.6
%
1
3
.0
%
4
6
0
−6
6
0
-1
7
.1
%
-1
8
.8
%
-1
6
.9
%
-1
6
.1
%
-1
5
.7
%
-1
8
.0
%
-1
5
.9
%
-1
4
.8
%
4
6
0
−6
8
0
-4
.3
%
-7
.2
%
-5
.0
%
-1
.7
%
-4
.0
%
-7
.6
%
-4
.7
%
-2
.2
%
4
6
0
−7
0
0
9
.7
%
6
.2
%
8
.0
%
1
3
.7
%
8
.4
%
4
.4
%
6
.9
%
1
0
.8
%
C
A
L
IP
S
O
W
a
te
r
A
IR
S
W
a
te
r
C
T
P
(h
P
a
)
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
4
2
0
−6
6
0
2
8
7
,1
2
6
8
1
,3
1
4
9
8
,4
8
8
1
0
7
,3
2
4
1
8
2
,5
3
1
3
0
,3
6
1
6
8
,3
7
0
8
3
,8
0
0
4
2
0
−6
8
0
3
2
7
,3
9
7
9
1
,2
2
7
1
1
1
,0
7
2
1
2
5
,0
9
8
2
0
5
,8
6
5
3
3
,6
2
3
7
6
,5
9
5
9
5
,6
4
7
4
2
0
−7
0
0
3
7
1
,8
2
2
1
0
2
,7
4
5
1
2
4
,9
4
2
1
4
4
,1
3
5
2
3
0
,4
0
9
3
7
,3
7
5
8
5
,1
0
7
1
0
7
,9
2
7
4
4
0
−6
6
0
2
7
5
,4
9
5
7
5
,6
8
4
9
3
,8
3
9
1
0
5
,9
7
2
1
7
5
,9
0
5
2
8
,0
5
4
6
5
,3
2
7
8
2
,5
2
4
4
4
0
−6
8
0
3
1
5
,7
6
6
8
5
,5
9
7
1
0
6
,4
2
3
1
2
3
,7
4
6
1
9
9
,2
3
9
3
1
,3
1
6
7
3
,5
5
2
9
4
,3
7
1
4
4
0
−7
0
0
3
6
0
,1
9
1
9
7
,1
1
5
1
2
0
,2
9
3
1
4
2
,7
8
3
2
2
3
,7
8
3
3
5
,0
6
8
8
2
,0
6
4
1
0
6
,6
5
1
4
6
0
−6
6
0
2
6
1
,8
4
0
6
9
,5
0
0
8
8
,4
6
9
1
0
3
,8
7
1
1
6
8
,0
0
7
2
5
,6
8
8
6
1
,8
8
6
8
0
,4
3
3
4
6
0
−6
8
0
3
0
2
,1
1
1
7
9
,4
1
3
1
0
1
,0
5
3
1
2
1
,6
4
5
1
9
1
,3
4
1
2
8
,9
5
0
7
0
,1
1
1
9
2
,2
8
0
4
6
0
−7
0
0
3
4
6
,5
3
6
9
0
,9
3
1
1
1
4
,9
2
3
1
4
0
,6
8
2
2
1
5
,8
8
5
3
2
,7
0
2
7
8
,6
2
3
1
0
4
,5
6
0
111
T
ab
le
5.
5
S
im
il
ar
to
T
ab
le
5.
3,
b
u
t
fo
r
C
A
L
IP
S
O
m
ix
ed
-p
h
as
e
an
d
A
IR
S
u
n
k
n
ow
n
.
C
A
L
IP
S
O
M
ix
ed
-P
h
a
se
A
IR
S
U
n
k
n
o
w
n
C
T
P
(h
P
a
)
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
4
2
0
−6
6
0
1
.0
%
1
2
.7
%
2
.0
%
-3
.0
%
-2
.5
%
1
.3
%
-1
.9
%
-4
.2
%
4
2
0
−6
8
0
8
.8
%
1
4
.8
%
9
.8
%
6
.4
%
7
.0
%
9
.2
%
7
.5
%
5
.8
%
4
2
0
−7
0
0
1
6
.6
%
1
6
.6
%
1
7
.6
%
1
5
.8
%
1
7
.0
%
1
8
.3
%
1
7
.8
%
1
6
.1
%
4
4
0
−6
6
0
-7
.8
%
-2
.1
%
-7
.7
%
-9
.4
%
-9
.5
%
-8
.0
%
-9
.4
%
-1
0
.0
%
4
4
0
−6
8
0
3
3
8
,6
8
7
4
4
,1
6
2
1
3
2
,4
2
2
1
6
2
,1
0
3
4
7
1
,2
6
1
8
4
,1
1
8
1
5
3
,0
1
6
2
3
4
,1
2
7
4
4
0
−7
0
0
7
.8
%
1
.8
%
7
.9
%
9
.4
%
1
0
.0
%
9
.0
%
1
0
.3
%
1
0
.3
%
4
6
0
−6
6
0
-1
6
.8
%
-1
6
.4
%
-1
7
.4
%
-1
6
.4
%
-1
6
.8
%
-1
7
.6
%
-1
7
.2
%
-1
6
.3
%
4
6
0
−6
8
0
-9
.0
%
-1
4
.3
%
-9
.6
%
-6
.9
%
-7
.4
%
-9
.7
%
-7
.8
%
-6
.3
%
4
6
0
−7
0
0
-1
.1
%
-1
2
.6
%
-1
.8
%
2
.5
%
2
.7
%
-0
.6
%
2
.5
%
4
.0
%
C
A
L
IP
S
O
M
ix
ed
-P
h
a
se
A
IR
S
U
n
k
n
o
w
n
C
T
P
(h
P
a
)
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
G
lo
b
a
l
T
ro
p
ic
a
l
M
id
-l
a
ti
tu
d
e
H
ig
h
-l
a
ti
tu
d
e
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
(3
0
o
S
-3
0
o
N
)
(3
0
-6
0
o
S
,
3
0
-6
0
o
N
)
(6
0
-9
0
o
S
,
6
0
-9
0
o
N
)
4
2
0
−6
6
0
3
4
2
,1
1
5
4
9
,7
8
4
1
3
5
,1
2
1
1
5
7
,2
1
0
4
5
9
,5
5
0
8
5
,1
7
8
1
5
0
,1
3
8
2
2
4
,2
3
4
4
2
0
−6
8
0
3
6
8
,5
5
0
5
0
,7
0
9
1
4
5
,3
4
2
1
7
2
,4
9
9
5
0
4
,1
5
8
9
1
,8
6
6
1
6
4
,5
5
9
2
4
7
,7
3
3
4
2
0
−7
0
0
3
9
4
,9
9
4
5
1
,4
8
4
1
5
5
,7
8
2
1
8
7
,7
2
8
5
5
1
,4
7
2
9
9
,4
7
0
1
8
0
,2
4
9
2
7
1
,7
5
3
4
4
0
−6
6
0
3
1
2
,2
5
2
4
3
,2
3
7
1
2
2
,2
0
1
1
4
6
,8
1
4
4
2
6
,6
5
3
7
7
,4
3
0
1
3
8
,5
9
5
2
1
0
,6
2
8
4
4
0
−6
8
0
3
3
8
,6
8
7
4
4
,1
6
2
1
3
2
,4
2
2
1
6
2
,1
0
3
4
7
1
,2
6
1
8
4
,1
1
8
1
5
3
,0
1
6
2
3
4
,1
2
7
4
4
0
−7
0
0
3
6
5
,1
3
1
4
4
,9
3
7
1
4
2
,8
6
2
1
7
7
,3
3
2
5
1
8
,5
7
5
9
1
,7
2
2
1
6
8
,7
0
6
2
5
8
,1
4
7
4
6
0
−6
6
0
2
8
1
,9
1
6
3
6
,9
0
1
1
0
9
,4
3
8
1
3
5
,5
7
7
3
9
1
,8
9
4
6
9
,2
8
3
1
2
6
,7
1
4
1
9
5
,8
9
7
4
6
0
−6
8
0
3
0
8
,3
5
1
3
7
,8
2
6
1
1
9
,6
5
9
1
5
0
,8
6
6
4
3
6
,5
0
2
7
5
,9
7
1
1
4
1
,1
3
5
2
1
9
,3
9
6
4
6
0
−7
0
0
3
3
4
,7
9
5
3
8
,6
0
1
1
3
0
,0
9
9
1
6
6
,0
9
5
4
8
3
,8
1
6
8
3
,5
7
5
1
5
6
,8
2
5
2
4
3
,4
1
6
112
The global distributions of frequencies of AIRS and CALIPSO mid-level cloud
phases are shown using the ISCCP and cloud-top definitions in Figures 5.14 and
5.15, respectively. The two figures have very similar distributional patterns with
slight difference in magnitudes. The CALIPSO mid-level water clouds are mainly
distributed in the low latitudes and over oceans in the Southern Hemisphere, and
the CALIPSO mid-level mixed-phase clouds have high frequencies in mid- and high-
latitudes in Northern Hemisphere. The mid-level ice clouds from CALIPSO have low
frequencies in the tropics because a large amount are classified as the mixed-phase,
and are found mainly in polar regions and in the Northern Hemisphere. Kanitz et
al. (2011) using lidar observations also found high frequencies of ice in the NH.
Approximately 60% of AIRS mid-level clouds are unknown phase (Tables 5.4 and
5.5) because AIRS has less sensitivity to lower clouds than to high-level clouds. The
AIRS mid-level ice follows the distributional pattern in Figure 5.9a but is decreased
in magnitude. The AIRS mid-level water shows relatively higher frequencies over
the lands than oceans, which is different from the overall AIRS water classification
in Figure 5.9b.
Figure 5.14 CALIPSO and AIRS cloud phase fractional frequencies for mid-level
clouds defined by the ISCCP definition.
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Figure 5.15 CALIPSO and AIRS cloud phase fractional frequencies for mid-level
clouds defined by the cloud-top definition.
Cloud top temperature is also closely related to the cloud thermodynamic
phase. Theoretical and laboratory studies find that the phase transition from liquid
to ice occurs between 0oC and -40oC (Rogers and Yau 1989; Pruppacher and Klett
1997). The liquid cloud fraction decreases with decreasing cloud temperature and
becomes negligible below -40oC due to homogeneous ice nucleation. Figure 5.16
shows the histograms for CALIPSO and AIRS cloud phases as a function of cloud top
temperature for high-, mid-, and low-level clouds defined by the ISCCP definition.
It is important to note that in the high-level, CALIPSO mixed-phase clouds are
found below -40oC. This feature does not indicate that supercooled liquid water can
still exist in very low temperature range. These CALIPSO mixed-phase clouds are
mainly contributed by the heterogeneous and multi-layer scenes, which means high-
level ice phase and low-level water are found simultaneously within AIRS footprint
and considered as mixed-phase clouds.
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Figure 5.16 Histograms of CALIPSO and AIRS cloud phase as a function of cloud
top temperature for mid-level clouds defined by the ISCCP definition.
Riihimaki et al. (2012) found that mid-level thin clouds have a high proba-
bility of containing supercooled liquid water at low temperatures at the ARM TWP
site at Darwin in Australia. Using ground-based remote sensing measurements, they
found that ∼20% of clouds at -30oC, ∼50% of clouds at -20oC, and ∼65% of clouds
at -10oC contain supercooled liquid water. Their results are higher than our results
in Figure 5.16b. Three possible reasons may cause the difference. First, we include
both thin and thick mid-level clouds while they only consider thin clouds (less than
2 km thick with cloud tops between 0oC and -40oC). Second, the difference may be
due to geographical variation. We select mid-level clouds in the tropics between 30o
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N and 30o S while Riihimaki et al. (2012) focused on the ARM program TWP Dar-
win site in Australia. Ansmann et al. (2009), on the other hand, found that nearly
all altocumulus clouds contain liquid water at all temperatures at the ARM TWP
Darwin site. Third, we focused on the space-borne measurements while Riihimaki
et al. (2012) used surface remote sensing.
In chapter 3, we demonstrated the cloud top temperature difference between
mid-level and low-level clouds and between high-level and mid-level clouds. There are
no distinct features between the middle clouds and low clouds, while the difference
between high clouds and mid-level clouds show strong zonal signatures. We raised
the issue of whether the cloud thermodynamic phase has impacts on the cloud top
temperature difference between different levels. In Figure 5.16, it is clear that the
mid-level clouds have different fractions of ice, liquid water, and mixed-phase clouds,
and the cloud top temperatures also become colder when moving towards polar
regions. The high-level clouds mainly consist of ice and mixed-phase with a peak
around -70oC in the tropic. The high clouds and mid-level cloud top temperature
distributions overlap more between -40oC and -10oC in mid- and high-latitudes than
in the tropics.
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6. SUMMARY AND FUTURE WORK
6.1 Summary
Mid-level clouds are an important component of the climate system, although
the precise role of how they interact with solar and terrestrial radiation is still un-
certain. Two major issues limit the understanding of mid-level clouds in climate
studies. First, much of the uncertainty lies in the fact that mid-level clouds are
rather poorly characterized. There is not even a standard definition of what con-
stitutes the mid-level. Working definitions or classifications of mid-level clouds vary
with observational technique, region, and purpose, which make the characterization
of mid-level clouds challenging. Moreover, while multi-layer clouds are frequently ob-
served globally, the impacts of overlapping clouds on satellite-based global statistics
for clouds at different levels, in particular mid-level, are not yet fully understood.
Second, the thermodynamic phase of mid-level clouds is difficult to deter-
mine because the clouds have the potential for complex microphysics. This, in turn,
can complicate the retrievals of cloud properties and the development of model pa-
rameterizations. Accurate estimates of cloud phase of mid-level clouds can improve
our current understanding of mid-level cloud radiative effects and cloud feedbacks.
Satellite remote sensing of cloud properties such as characteristics and thermody-
namic phase has the potential for improving the representation of mid-level clouds
in climate models as well as for monitoring their changes over time and space.
In chapter 2, the impacts of overlapping clouds on the satellite-based global
statistics of clouds at different levels were discussed. The spatially collocated and
merged CALIPSO and CloudSat measurements in the CCCM dataset for three and a
half years (July 2006-December 2009) were used to determine the cloud layers. While
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the CCCM dataset can provide information for up to six cloud layers, in the present
study we screen the dataset and only consider single-layer clouds and multi-layer
clouds with two layers. The global frequency map shows that multi-layer clouds can
occur over the whole globe especially in the tropics. Moreover, the complete study
of the impacts of multi-layer clouds on the statistics of clouds at different levels has
not been done. Three traditional definitions of defining clouds as high-, mid-, and
low-level were used:
1. the ISCCP definition (high: cloud top pressure (CTP) ≤ 440 hPa; mid: 440
hPa < CTP < 680 hPa; low: CTP ≥ 680 hPa);
2. the cloud-top height definition (high: cloud top height (CTH) ≥ 7 km; mid: 3
km < CTH < 7 km; low: CTH ≤ 3 km)
3. the cloud-base height definition (high: cloud base height (CBH) ≥ 5 km; mid:
2 km < CBH < 5 km; low: CBH ≤ 2 km)
Since some studies using the traditional satellite observations assume the clouds are
single-layered, we compared the topmost-layer and all clouds (multi-layer top and
bottom layers included) at different levels globally using each of the three definitions.
The differences between topmost-layer and all clouds indicated that significant biases
will be introduced if multi-layer clouds are not considered.
Because the ISCCP cloud climatology is widely used across the commu-
nity through the comparisons with GCM simulations, we also compared our cloud
amounts derived from the CCCM dataset to the ISCCP cloud amounts at three
levels. The comparisons showed that ISCCP may underestimate high-level clouds
except in a few areas over the oceans in low-latitudes. The ISCCP climatology also
overestimates mid-level clouds globally and the discrepancy is larger than the results
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in Rossow and Zhang (2010), which only found overestimation of mid-level clouds in
polar regions. From the low-level clouds comparisons, the ISCCP climatology typ-
ically overestimates low-level clouds over the continents. We also found that there
is an underestimation of low-level clouds by ISCCP over oceans between about 30o
N and 60o S, whereas Rossow and Zhang (2010) only showed underestimation in
southern mid-latitude oceans.
In chapter 3, we focused on three fundamental questions on the characteristics
of mid-level clouds. These questions were: 1) what fraction of mid-level clouds occur
in multi-layer cloud scenes? 2) What are the relationships between cloud frequency,
cloud top and base height, cloud top pressure, geometrical thickness, and cloud top
temperature for mid-level clouds? 3) In which cloud temperature regime do mid-level
clouds tend to occur? We showed the characteristics of mid-level clouds using the
three definitions of the mid-level, including cloud top pressure and height, cloud base
height, cloud thickness, and cloud top temperature.
We first investigated the mid-level clouds in the multi-layer cloud regimes. In
the tropics, less than 1% of the multi-layer cloud scenes are mid-level clouds over low
clouds, and approximately 5% or 6% of the multi-layer cloud scenes were high clouds
over mid-level clouds. In the mid- and high-latitudes, the mid-level over low clouds
increase to around 4% and 5% of the total multi-layer cloud scenes, respectively. The
high clouds over mid-level clouds also increase and are about 8% and 9% of the total
multi-layer clouds in the mid-latitudes and polar regions.
Next, we found that the cloud top pressure-based definitions of the mid-level
are more appropriate for global studies than cloud top height-based and cloud base
height-based definitions. The statistics of testing the cloud boundaries to define mid-
level clouds implied that changing the cloud top and base boundaries can lead to
significant increase or decrease of the total number of mid-level clouds. Lastly, we
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also found good correlations between cloud top temperature and cloud top height
and pressure for mid-level clouds in the tropics. A strong zonal signature exists in
the cloud top temperature difference between high clouds and mid-level clouds in
the low-latitudes, which may be useful for improving the representation of mid-level
clouds in GCMs.
In chapter 4, we introduced a new cloud thermodynamic phase algorithm using
the AIRS radiance measurements. The AIRS cloud phase algorithm was based on
radiative transfer simulations for a cloudy atmosphere. Observational support from
CALIPSO cloud phase products is also shown. The AIRS phase algorithm includes
four major parallel tests with different brightness temperature and/or brightness
temperature difference combinations to distinguish ice and water clouds. The final
phase output provides level of confidence, which is the summation of each individual
test (ice or water) conducted simultaneously. Negative values, positive values, and
0 are considered to ice, liquid water, and unknown, respectively. There is also a
warm scene flag included in the output, which can provide extra information for
future analysis. The case studies indicate that the AIRS phase retrievals have good
agreement with the CALIPSO cloud phase products along the CALIPSO surface
track.
In chapter 5, we spatially collocated the AIRS and CALIPSO from Decem-
ber 2008 to November 2007. We then used the CALIPSO cloud phase products to
evaluate the newly developed AIRS phase algorithm for single-layer, heterogeneous,
and multi-layer cloud scenes. Single-layer clouds generally have larger phase signa-
tures than heterogeneous and multi-layer cloud scenes. We found that the AIRS
ice phase showed good agreement with the CALIPSO ice phase in over 90% of the
cases, except for a large discrepancy in high-latitudes. AIRS demonstrates the ability
to find ice phase clouds falling in the mid-temperature range (250-265 K) and also
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optically thin ice clouds with window region brightness temperatures greater than
270 K. AIRS finds less water than ice in comparison with CALIPSO because AIRS
spectral radiance have less sensitivity to water than ice. The ratio of “false alarm” of
classifying ice and water, however, is fairly small, approximately 1∼2%. The AIRS
algorithm was designed to call a case unknown if there is no strong spectral signature
in any of the brightness temperature or brightness temperature difference tests.
The thermodynamic phase for mid-level clouds defined by the ISCCP and the
cloud-top definitions of the mid-level were investigated. AIRS and CALIPSO cloud
thermodynamic phases were shown at different levels for single-layer, heterogeneous,
and multi-layered clouds. Overall, the statistics showed that ice, liquid water, and
mixed-phase of the mid-level clouds are approximately 20%, 40%, and 40% globally,
and the fractions of ice, liquid water, and mixed-phase changes with latitudes. Par-
ticularly, in the tropics, the ice clouds accounts for only about 1%, and liquid water
and mixed-phase are roughly over 60% and 30%, respectively. As moving towards the
polar regions, the ice phase increases to over 10% in the mid-latitudes and over 30%
in the high-latitudes. The clouds containing liquid water decrease correspondingly.
The highest mid-level mixed-phase clouds are approximately 50% in the mi-latitudes.
The results are different from some of the previous studies, which are probably due
to our main focus on mid-level clouds and the use of ISCCP and cloud-top definitions
as well as our use of space-borne measurements.
The cloud phase variations were also tested when we adjusted the cloud
boundary of the mid-level clouds using the ISCCP definition. The statistics showed
that, if the upper boundary is kept (440 hPa) and change the bottom boundary for
±20 hPa, the mid-level ice clouds and liquid water clouds classified by the ISCCP
cloud top pressure definition change by 2-5% and 10-14% globally. Moreover, if we
fix the bottom boundary (680 hPa), the numbers of mid-level ice and water change
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greatly by 10-30% and 3-7% globally with respect to the mid-level clouds between
680 and 440 hPa. The corresponding CALIPSO mixed-phase and AIRS unknown
phase within the mid-level clouds changes approximately 2-15% globally.
The cloud phase distributions of ice, liquid water, and mixed-phase along the
cloud top temperature are different from low latitudes towards polar regions. The
high-level clouds and mid-level clouds have larger cloud temperature differences in
the tropics than in the mid- and high-latitudes and have strong zonal signatures. It is
indicated that the onset of glaciation cannot be faithfully represented by temperature
only. The complex microphysical mechanisms also depend on subgrid-scale phase
transitions, cloud particle size and shape, ambient humidity, aerosol composition
and number concentration, and vertical velocity, among other factors.
Significant efforts have been made to improve the cloud radiative effects and
cloud feedback studies. However, the clouds are still one of the major sources of
uncertainties particularly for the mid-level clouds. This dissertation aims to address
two major issues in the study of mid-level clouds: characteristics and thermody-
namics. First, The investigation of overlapping clouds on the global satellite-based
statics at different levels indicated that it is very important to involve multi-layer
clouds in the statistical studies of clouds at vertical levels especially for mid-level
clouds. For instance, a large amount of mid-level clouds exist in the high-level over
mid-level cloud regimes in the tropics. Better understanding of the characteristics of
mid-level clouds can bridge the statistical studies of mid-level clouds using different
observational techniques. Second, improved knowledge of thermodynamic phase of
mid-level clouds can facilitate the cloud property retrievals and model parameteri-
zations, which can further advance the climate projections.
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6.2 Future work
This dissertation is mainly focused on the global study of mid-level clouds.
To better interpret our analysis, regional studies are necessary. Our global frequency
map of mid-level clouds showed that there are a large amount of mid-level clouds
are shown in the tropical western pacific (TWP). Although there exists studies in
the ARM TWP surface site, a study with large coverage of TWP using satellite
measurements can be done including the cloud statistics and thermodynamic phase
and compared with the previous results to see whether the single surface site can
represent the tropics.
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